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In recent years, the research interests on the electrical and magnetic reliability of 
giant magnetoresistance spin valves (GMR SVs) and magnetic tunnel junctions (MTJs) 
induced by electromigration (EM) failures have been dramatically increased in 
spintronics devices, such as a GMR SV read sensor and a toggle switching GMR or 
MTJ based magnetic random access memory (MRAM), due to the geometrically- 




, and larger local 
temperature and temperature gradient in the multi-layered thin films.    
In this thesis, firstly, the physical effects of applied magnetic field including DC 
magnetic field and pulsed-DC (PDC) magnetic field on the EM-induced failure 
lifetimes and its characteristics in spin valve multilayers (SV-MLs) were investigated. 
The observed failure characteristics suggest that the externally applied magnetic field 
leads to accelerating Cu spacer atomic migration into the adjacent magnetic layers. 
The theoretical and experimental analysis results confirmed that Hall effect-induced 
Lorentz force applied to the perpendicular-to-the-film-plane direction is the main 
physical reason responsible for the acceleration of EM failures due to its dominant 
contribution to abruptly increasing local temperature and current density.  
Secondly, EM in GMR SV read sensors under PDC magnetic field of 50~200 Oe 
with different duty factors was experimentally studied to explore the physical 
mechanisms of EM failures during sensor retrieving operation. It was found that 
GMR effect, which causes the temperature rise and fall due to the change of resistance, 
Summary 
 vi 
is dominantly responsible for the acceleration of EM failures at a small retrieving 
field (50 Oe). A theoretical model incorporating GMR and Hall effects was proposed 
to interpret the EM failure characteristics. The physical validity of this proposed 
model was confirmed by the comparisons with experimental results.    
Thirdly, the effects of media stray field on EM characteristics of current- 
perpendicular-to-plane (CPP) GMR SV read sensors have been numerically studied. 
The mean-time-to-failure (MTTF) of the CPP GMR SV read sensors was found to 
have a strong dependence on the physical parameters of the recording media and 
recorded information status, such as the pulse width of media stray field, the bit length, 
and the head moving velocity. The strong dependences of MTTF on the media stray 
field during CPP GMR SV sensor operation is thought to be mainly attributed to the 
thermal cycling (temperature rise and fall) caused by the resistance change due to 
GMR effects.  
Finally, the electrical and magnetic failure mechanisms of current-in-plane (CIP), 
current-perpendicular-to-plane (CPP) and current-confined-path (CCP)-CPP GMR SV 
read sensors under high operating current density have been identified. 
Thermomigration (TM)-induced magnetic degradation in CPP GMR SVs was 
reported for the first time. It was also revealed that the read sensors in these different 
configurations showed completely different failure mechanisms due to 
electromigration (EM) and thermomigration (TM)-induced mass transport caused by 
the different current and temperature distributions.    
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CHAPTER 1 INTRODUCTION AND LITERATURE 
REVIEW 
Magnetic storage, beginning with Poulsen‟s experiments more than one hundred 
years ago, has played a key role in the development of audio, video and computer 
industry [1]. The magnetic recording process utilizes a thin film transducer for the 
creation or writing of magnetized regions (recorded bits) onto a thin film disk 
(recording media) and for the detection or reading of the presence of transitions 
between the recorded bits. The thin film transducer consists of a read element (read 
sensor) which detects the recorded bits and a write head which creates or erases the 
bits, as schematically illustrated in Fig. 1.1. To meet the ever-increasing demand for 
higher magnetic recording areal densities, the read sensor has evolved from a thin film 
inductive sensor to an anisotropic magnetoresistance (AMR) sensor, and recently, the 
giant magnetoresistance (GMR) spin valve (SV) sensor (see Fig. 1.2). As the 
magnetic recording density is being dramatically increased at an incredible 
compounded growth rate (CGR) of ~60% per year, the areal density of hard disk 
drives (HDD) would potentially reach beyond 1 Tbit/in
2
 in this decade [2], which 
enables its wide application in the information and communication systems handling 
huge amount of data. This rapid development of HDD owes much to the discovery of 
giant magnetoresistance (GMR) in 1988 [3-4] and the invention of spin valves (SVs) 
in 1991 [5]. In the following section, a review of the underlying mechanisms and 
recent advances in giant magnetoresistance (GMR) and spin valves (SVs), which are 
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the key technologies to propel the rapid advancement of magnetic recording industry, 
will be presented in detail.  
 
FIG. 1.1 Schematic illustration of magnetic recording process and the magnetic stray field retrieved 
from the media. 
 
 
FIG. 1.2 Magnetic recording areal density and read sensor technology evolution (after R. New [2]) 
 
1.1 Giant Magnetoresistance (GMR) and Spin Valves  
1.1.1 Giant magnetoresistance (GMR)   
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Giant Magnetoresistance (GMR) was independently discovered in 1988 by P. 
Grünberg [3] and A. Fert [4] in Fe/Cr/Fe trilayers, and multilayers, respectively, as 
shown in Fig. 1.3. A dramatic change of magnetoresistance as high as ~50% have 
been reported in the Fe/Cr multilayers at low temperatures [4]. This discovery showed 
great potential for the application of magnetic sensing and has been regarded as the 
start of spintronics since it has stimulated intensive studies on the physics and 
materials of GMR and other spin-dependent phenomena.  
 
FIG. 1.3 Magnetoresistance of Fe/Cr superlattices at 4.2K (after Baibich et al. [4]) 
 
GMR could be qualitatively understood using Mott‟s model [6]. According to Mott, 
the electrical conductivity in metals is described in terms of two independent 
conducting channels (spin up electrons and spin down electrons). In ferromagnets, the 
spin-splitting of d bands gives rise to a different density of states (DOS) for the spin 
up and spin down electrons at the Fermi level, which results in a different scattering 
probability for these two conducting channels. If an electron spin is parallel to the 
magnetization of the magnetic layers, it experiences weak scattering and hence a low 
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resistance channel, while the electron with the opposing spin forms a high resistance 
channel. If the magnetic layers are anti-parallel with opposing magnetization 
directions, each spin direction experiences strong scattering in the magnetic layer 
whose magnetic moments are opposite to it. This results in a high resistance state, as 
schematically illustrated in Fig. 1.4.  
 
                      (a)                      (b) 
FIG. 1.4 Schematic illustration of electron transport in a multilayer for (a) parallel and (b) antiparallel 
configurations 
 
The GMR ratio is thus given by 
 















)( 2                       (1.1) 
 
Based on Eq. (1.1), it can be also concluded that, if the difference in the scattering 
probability for the spin up and spin down electrons is larger, the MR ratio would be 














the DOS of the up spin and down spin electrons at the Fermi level, has been of 
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particular interest for spintronics device application. The extreme case is the half 
metals (ideally P=100%), which are conducting for only one spin orientation. Some 
types of half metals have been reported, such as CrO2 [7], NiMnSb [8], 
La0.7Sr0.3MnO3 [9], Co2FeAl0.5Si0.5 [10], Co2MnGe [11-12], Co2MnSi [13], 
Co2Fe(Ge0.5Ga0.5) [14]. However, certain half metals, i.e., CrO2 are found to 
drastically lose their spin polarization above ~100K [7]. Although M. Viret et al. 
obtained high MR ratio at extremely low temperature by using La0.7Sr0.3MnO3, these 
materials seem to lose their surface magnetization at temperature below room 
temperature (RT) [9]. Recently, it has been shown that using Co2Fe(Ge0.5Ga0.5) as 
ferromagnetic layers, the MR ratio could reach as high as 41.7% at 300K, suggesting 
its great potential for future device application [14]. 
Not only the spin-dependent scattering in the bulk ferromagnetic material would 
contribute to the GMR, the spin-dependent scattering occurring at the interface of 
ferromagnetic (FM) and nonmagnetic (NM) layers could also play an important role 
in the GMR performance due to the difference in the band matching and intermixing 
of atoms at the interfaces [15]. In a set of experiments by inserting thin layers of a 
second FM material at the interfaces in FM/NM/FM sandwiches, S. S. P. Parkin [16] 
has demonstrated that the GMR effect is shown to be determined by the character of 
FM/NM interfaces. For instance, a good band matching for the majority spins in the 
interface of Co/Cu suggests a small scattering potential for the majority spin channel, 
and a poor matching for the minority spins in Co/Cu implies a large scattering 
potential [15, 17]. Similarly, for Fe/Cr multilayers, a small scattering potential is 
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expected for the minority-spin electrons due to the good band matching at Fe/Cr 
interface, but a large scattering potential exists for the majority-spin electrons due to 
the band mismatching [18]. Therefore, the spin-dependent scattering resulting from 
the matching or mismatching of the bands at the FM/NM interface could also 
contribute to the GMR.     
  Although the MR ratio is high in the multilayer structure, it cannot be directly 
applied to the read sensors due to its large switching field required to change the 
magnetization (resistance) state (see Fig. 1.3). For this reason, B. Diney et al. in IBM 
has invented a more practical structure called spin valve [5, 19], as illustrated in Fig. 
1.5 below 
 
                (a)                        (b) 
FIG. 1.5 Structure illustration of (a) pseudo spin valve and (b) exchange biased spin valve 
 
1.1.2 Spin Valves (SVs)   
The pseudo spin valve (SV), as shown in Fig. 1.5(a) is unsuitable for read sensor 
application due to its low MR ratio and instability caused by the easy rotation of hard 
layer at low field. Thus, a typical spin valve (SV) in its simplest form consists an 
anti-ferromagnetic (AF) layer (pinning layer), two ferromagnetic layers (FM) 
sandwiched by a nonmagnetic layer (NM). One FM layer in contact with AF layer is 
called pinned layer, unable to rotate freely with the external magnetic field. The other 
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FM layer called free layer is free to rotate to respond to the external field. NiFe 
(Permalloy) is the typical material for the free layer due to its low coercivity and Cu is 
commonly used as spacer NM layer. In order to reduce the inter-diffusion between 
Ni-Cu and also increase the spin polarization ratio, a thin Co layer is usually inserted 
between the FM and NM layers [20-21]. The working principle in GMR SV read 
sensor is as follows: when the GMR SV read sensor is “flying” above the recording 
media, as shown in Fig. 1.1, it can detect the retrieved magnetic field from the 
transitions of the recorded bits through the magnetization rotation of the free layer in 
the SV read sensors. In this way, the magnetization of the free layer and pinned layer 
of the spin valves is switching from parallel (low resistance state) to anti-parallel 
(high resistance state). In addition, two shielding layers (see Fig. 1.1) at the two sides 
of spin valve read sensors are commonly used to eliminate the influence of 
neighboring bits and thus increase the linear density. A recent review on magnetic 
recording read sensor technology is given by J. R. Childress [22].  
In order to further improve the stability and enhance the MR ratio, the SV 
structure has evolved from its simplest form (see Fig. 1.5(b)) to more complicated 
forms, such as the synthetic SV, spin filter SV, and specular SV, as illustrated in Fig. 
1.6. Compared to the simple spin valve, the synthetic spin valve in which the pinned 
FM layer is antiferromagnetically coupled by a reference magnetic layer through Ru 
insertion is capable of reducing the demagnetizing effect and enhancing the exchange 
field, thus improving the thermal stability [23]. Similarly, an alternative free layer 
structure is the synthetic-ferromagnet free layer in which the free layer is separated by 
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an antiparallel coupling layer such as Ru [24].  
 
FIG. 1.6 Evolution of spin valves (a) Original spin valve invented by IBM, (b) Synthetic spin valve, (c) 
Spin-filter spin valve using a back layer or a high-conductance layer, (d) Specular spin valve, (e) 
Specular spin valve using an insulating-AFM, (f) Specular spin valve using nano-oxides, (g) Advanced 
single spin valve, and (h) Specular dual spin valve. The acronyms used are: AFM-antiferromagnetic 
layer I-AFM-insulating antiferromagnetic layer, HCL-high-conductance layer, HRL-high-specularity 
reflective layer, NOL-nano-oxide layer.  
 
Recently, it has been reported that by using this synthetic-ferromagnet free layer, the 
spin transfer torque induced instability in CPP GMR SVs could be dramatically 
suppressed [25]. In the spin-filter SV, the addition of a back layer or high-conductance 
layer (HCL) could retain or even enhance the mean free path (MFP) of majority 
electrons, while it has almost no effect on the MFP of minority electrons since the 
minority electrons can rarely reach it. Due to this reason, the MR ratio can be 
increased by more than 10% using the spin-filter design as reported by M. Ueno et al. 
[26]. The dual SV structure is aimed to increase the number of free/pinned layer pairs, 
in which the free layer is shared by two pinned layers at both sides, thus resulting in a 
larger spin-dependent scattering [27-30]. The MR of a typical dual SV has been 
shown to be enhanced by 30~60% [28-30]. However, if two or more free layers were 
introduced in the dual SV, it would cause extra noise due to the slightly different 
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response (to the retrieved magnetic field) of the free layers.  
One possible way to increase the effective number of free layers without adding 
more layers physically is to increase the specular reflectivity of electrons at the outer 
surface of the free layer and pinned layer by using a high-specularity reflective layer 
(HRL) or a nano-oxide layer (NOL). If the specular reflectivity is perfect, the trilayer 
(PL-NM-FL) can be considered as the repetition in an infinite number of cycles. The 
most straightforward way is to use insulating AFM layers such as NiO and α-Fe2O3 
[31-33]. H. J. M. Swagten et al. have observed an MR ratio 25% at 10K and 15% at 
room temperature (RT) by using insulating NiO [36]. With the NiO insertion, an even 
higher MR ratio of 21.5% at RT has been reported by W. F. Egelhoff et al. [29]. This 
observed large MR was ascribed to both the dual SV structure and the specular 
reflection of electrons at the Co/NiO interfaces [34]. Although using the insulating 
AFM layers such as NiO and α-Fe2O3 can improve the MR ratio, there are several 
drawbacks: 1) large thickness required, 2) low exchange bias field, and 3) low 
blocking temperature. To address this issue, a nano-oxide layer (NOL) insertion at the 
middle of pinned layer has been proposed by Y. Kamiguchi et al. [35]. A mount of 
works has been published in studying the magnetic and electronic properties of 
nano-oxide effects [36-43]. The nano-oxide can be formed by using natural oxidation, 
plasma oxidation or ion beam oxidation. The composition of the nano-oxide is 
normally the mixture of oxides and ferromagnetic metals or mixture of oxides and 
capping layer metals (Ta). It has been shown that a capping layer of 0.4 nm Ta, 
oxidized by exposure to air, not only protect the SV from air but also increase the 
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GMR due to the increase in the extent of specular scattering [36]. With an addition of 
NOL formed within a short exposing ~10s to plasma oxygen, D. M. Jeon et al. [39] 
have also found a significant increase in both exchange bias and MR ratio.   
   A recent review on SVs and nano-spintronics has been provided by Y. H. Wu [44]. 
For the future read head sensor application, a well designed combination of synthetic, 
spin filter, specular and dual spin valve seems to be the new tendency to achieve good 
properties [45]. More recently, G. C. Han et al. [46-48] have proposed a differential 
dual spin valve (DDSV) structure to achieve ultrahigh downtrack resolution for the 
application in 10 Tb/in
2
 and beyond. A DDSV sensor is composed of two SVs 
separated by a conductive gap layer (i.e., Ta, Ru) between their free layers. The 
pinned layer‟s magnetization in these two SVs is in antiparallel alignment. As a result, 
when the two free layers rotate along the same direction under a uniform field, there is 
no output due to the compensating (differential) effect of the two SVs. On the other 
hand, when the two free layers are subject to fields with opposite polarity such as at a 
media transition in the recording media, their magnetizations rotate oppositely and 
DDSV output will be the sum of the two SVs. Since no magnetic shield is required to 
filter out the field from neighboring bits, the linear density of a DDSV sensor is 
mainly determined by the total thickness of the gap layer and free layers, making 
ultrahigh linear density possible.  
As the bit size is further scaling down, the CIP GMR SV read sensors have come 
up against limitations (100~200 Gbit/in
2
) mainly due to the increased shunting of the 
electrical current and the effects on the sensor resistance due to the reduced sensor 
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dimension [49]. Many of these problems can be overcome in the CPP geometry where 
the current flows perpendicular to the film plane and the magnetic shields can be 
utilized as electrical contacts (see Fig. 1.2). It has been reported that, compared to CIP 
structure, the SV multilayers in CPP geometry showed a higher MR ratio [50-52]. 
Recently, the CPP tunneling magnetoresistance (TMR) sensors in which the pinned 
and free layers are separated by an insulating barrier (i.e., Al2O3 or MgO) have 
become standard (see Fig. 1.2). Although the TMR read sensor has a huge MR ratio, 
its high resistance area product (RA>1 Ωμm2) along with the excess noise (i.e. shot 
noise) [53], and a reduced operation bandwidth due to the high RC time constant [54], 
motivates a return to a metallic CPP GMR SV read sensors with a low RA<0.1 Ωμm2 
[55]. Nevertheless, the conventional metallic CPP GMR SVs has too low ΔRA and 
relatively too small GMR ratio (usually < 2 %) to be applied for the read sensors [56]. 
Therefore, how to effectively enhance the area resistance directly relevant to the 
increase of ΔRA has been considered as a key issue in practically applying the CPP 
GMR SVs to the recording read sensors. Two major technical approaches have been 
recently attempted to improve the ΔRA: 1) inserting novel materials with high spin 
polarization such as Heusler alloys in the free (or pinned) layers and between the 
non-magnetic spacer and the magnetic layers to improve the spin-dependent interface 
and bulk scattering [57-58], and 2) utilizing well-defined conducting channels within 
the spacer layer, which is known as the current-confined-path (CCP), to reduce the 
effective current flowing area resulting in the increase of effective resistance of the 
sensor [59-60]. However, the former approach was found to be technically limited by 
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the easy loss of magnetization at room temperature (RT) for CPP GMR SV read 
sensor applications [9]. Hence, the latter approach has been and is being potentially 
considered as one of the future generation of read sensors in ultra high density of 
magnetic recording technology. As the geometry of the GMR SV read sensors is 
dramatically reduced down to a few tens of nanometers for the areal density beyond 
1Tbit/in
2
, the geometrically-induced higher current density would induce substantial 
electron wind force and Joule heating, which are directly relevant to electromigration 
(EM) and thermomigration (TM)-induced mass transport.  
   The subsequent sections will provide a detailed review on EM and TM physics 
and the EM characteristics observed in magnetic thin films, multilayers and GMR 
SVs so far.    
 
1.2 Electromigration (EM) Physics 
1.2.1 Driving force of electromigration 
Electromigration (EM) describes diffusion-controlled mass transport (atomic 
migration) in metallic materials that is driven by the application of high electrical 
current density. This phenomenon, first discovered in Gerardin‟s experiment more 
than one and a half centuries ago [61], attracted renewed interest in the 1950‟s when 
Seith and Wever [62] introduced a new idea of “electron wind” to account for the 
induced mass transport. The “electron wind” driving force, as its name suggests, is 
caused by the momentum transfer from the electron storm (due to the high current 
density) to the diffusing atoms (ions). This idea was originated from the observations 
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by measuring the mass transport across the phase diagram of some Hume-Rothery 
alloys that EM is not solely determined by the electrostatic force imposed by the 
applied electrical field, instead it depends on the direction of motion of the majority 
charge carriers (i.e., electrons or holes). Therefore, the EM driving force can be 
separated into two components in such a way that  
 
                     eEZZeEZF weem )(
*                          (1.2) 
 
where e is the elementary charge, E is the electric field, and Z* is the effective valence 
and it consists of Ze and Zw. Ze can be regarded as the nominal valence of the diffusing 
ion responsible for the electrical field effect and ZeeE is called the direct force, which 
is acting in the direction opposing electron flow. Zw is an assumed charge number 
representing the effect of momentum exchange between electrons and the diffusing 
ion, and ZweE is called the electron wind force, which is acting in the same direction 
as electron flow. The electron wind force was first formulated by Fiks in 1959 [63] 
and Huntington and Grone in 1961 [64] by employing a semiclassical ballistic 
approach to treat the collision of diffusing atoms (ions) by the charge carriers. In this 
ballistic model, the electron wind force is formulated by calculating the momentum 
transfer to the jumping atoms due to its collision with the charge carriers. Assuming 
that all the momentum lost by the scattered electrons is transferred to the migrating 
ions, for free electron approximation wind valence becomes [63, 65] 
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trw nZ                             (1.3) 
 
where n is the electron density, λ is the electron mean free path, and σtr is the electron 
transport cross section for scattering. Taken into account the change of the electronic 
states caused by electron-ion collision, Huntington and Grone [64] obtained an 
expression of Zw in terms of a specific resistivity ratio 
 











                         (1.4) 
 
where Ze has been taken as Z, ρd/Nd and ρ/N are specific resistivities of a diffusing 
atom and a normal atom, and m and m* are the free electron mass, and effective 
electron mass, respectively. According to the Huntington and Grone‟s equation, to 
calculate Zw, we need to know the specific resistivity of a diffusing atom, or its ratio 
to that of a lattice atom. If the specific resistivity of an atom in metals is assumed to 
be proportional to the elastic cross section of scattering, by considering Einstein‟s 
model of atomic vibration, the cross section of scattering of a normal atom can be 
estimated as [66] 
 




1 22                        (1.5)   
       
where k is the Boltzmann constant, ‹x2› is the average square displacement from 
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equilibrium, ma is the atomic mass, and ω is the atomic angular vibration frequency. 
By considering the activation energy Gm of diffusion, the cross section of scattering of 
the diffusing atom, ‹xd
2›, can be expressed as [67] 
 




                            (1.6) 
 
The ratio of the last two equations gives the ratio of cross section of scattering: 
 










                          (1.7) 
 
Substituting Eq. (1.7) into Eq. (1.4) and combined with Eq. (1.2), the effective 
valence is given by [67]  
 





ZZ m                       (1.8) 
 
Based on Nernst-Einstein equation, the drift velocity of atoms under the driving force 
of EM can be expressed as  
 





                               (1.9) 
 
where, the thermally-activated diffusivity D(T) is often found to vary with 
temperature as D(T)=D0exp(-EA/kT). where EA is the activation energy, and D0 is the 
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diffusion constant. Hence, due to the EM driving force, EM flux (atomic flux) 
becomes,   
 







              (1.10)   
            





effective valence. Based on Eq. (1.10) the atomic flux is a function of many factors 
including current density, temperature, and diffusivity. Since thermally-activated 
diffusivity D(T) is also closely related to the temperature and the nature of diffusion 
process, the EM flux will also differ depending on the diffusion mechanisms, such as 
in the lattice, on the free surfaces/interfaces, or at the grain boundaries.    
 
1.2.2 Diffusion mechanisms  
Due to the different diffusion paths (i.e., lattice, surface, or grain boundary) 
available for the EM-induced mass transport, there exist different diffusion 
mechanisms, which includes the bulk (lattice) diffusion, the surface and/or the 
interface diffusion as well as the grain boundary diffusion.  
 
1.2.2.1 Bulk diffusion mechanisms  
The bulk diffusion (also called lattice diffusion) refers to atomic rearrangement 
(migration) within a crystalline lattice. Fig. 1.7 is a sketch of a two-dimensional 
arrangement of a square lattice. Several possible bulk (lattice) diffusion mechanisms 
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are schematically illustrated; (a) two neighboring atoms swap position directly, (b) a 
ring shaped rotation of four neighboring atoms, (c) an interstitial atom goes to a 
neighboring interstitial site, (d) an interstitial atom pushes an atom from its lattice site 
to an interstitial site, and (e) an atom diffuses by jumping into a neighboring vacant 
lattice site.  
 
FIG. 1.7 Sketch of several possible diffusion mechanisms in solids. (After D. Lazarus [68]) 
 
The interchange and ring mechanisms have been found energetically unfavorable in 
most solids. For interstitial mechanism, commonly, gas atoms such as N, H, and C 
diffuse easily in the lattice of BCC metals, such as Fe, Ta [69]. Atomic diffusion into 
the missing atomic sites (vacancies) has been found to be most favorable.   
 
FIG. 1.8 Schematic diagram of atomic diffusion at zero external driving force (After J. R. Manning 
[69]) 
  
This process has been studied extensively in the past century and the results support 
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this mechanism overwhelmingly on a wide basis in metals and alloys. For this 
vacancy mechanism, the atom needs to overcome the potential energy barrier to 
exchange position with a neighboring vacancy, as described in Fig. 1.8. The 
successful exchange or the exchange jump frequency ( ) is given by the Boltzmann 
factor as:  
 
                         )e x p (0
kT
Gm                        (1.11) 
 
where 0 is the atomic vibration frequency, and Gm is the activation energy of motion. 
Since there is no external driving force, such diffusion in the equilibrium state will 
lead to a random walk of vacancies in the lattice due to the reverse jump at the same 
frequency attempt. To have a directional diffusion, we must introduce a nonzero 
external driving force (F) resulting in a net atomic flux in the given direction. This 
can be represented by tilting the baseline of the potential energy, as shown in Fig. 1.9.  
 
FIG. 1.9 Schematic diagram of diffusion showing displacement of an atom in the lattice under an 
external driving force (After J. R. Manning [69]) 
 
The tilting introduces a gradient of potential energy (әμ/ әx), which is driving force of 
diffusion. This driving force F makes the potential energy at interatomic distance 
(jump distance a) differ by aFGm  .                                                      
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It should be noted that for the vacancy-mediated lattice (bulk) diffusion, the diffusion 
of an atom requires the presence of a vacancy in the nearest neighbor and the 
exchange of position with the vacancy. The activation energy of diffusion of the atom 
consists of the activation energy of formation of a vacancy and the activation energy 
of motion of a vacancy.  
 
1.2.2.2 Surface and interface diffusion  
    The concept of surface diffusion of an atom on a surface is similar to lattice 
diffusion that the atom has to jump to a nearest-neighboring vacant site, except that no 
vacancy is required on the surface because the atom is surrounded by vacant sites. 
Thus, the activation energy of surface diffusion is lower than that of bulk (lattice) 
diffusion, proving one of the fastest diffusing paths for EM-induced mass transport. In 
the case of aluminum (Al), unpassivated interconnects are usually protected by a 
natural layer of Al2O3 due to the easy oxidation of Al after deposition. Therefore, 
surface diffusion is found not to be a dominant diffusion mechanism in Al-based 
interconnects [70]. While in the case of Cu-based interconnects, the top surface of Cu 
has been shown to be the fastest diffusion path due to the damascene process to 
produce the Cu interconnects [71]. In addition, the metallic ions can migrate along the 
interfaces or diffuse in an orthogonal direction through the interface itself. It has been 
demonstrated that EM-induced Cu inter-diffusion into the top and bottom NiFe in the 
spin valve (SV) multilayer of NiFe/Cu/NiFe is mainly responsible for the severe 
degradation of EM failure lifetime due to the high solid solubility of Cu and Ni [72]. 
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The insertion of a thin diffusion barrier layer (i.e., Co) in between NiFe/Cu has been 
revealed to be effective in improving the stability of the SV multilayers [73].   
 
1.2.2.3 Grain boundary diffusion   
Most of the metallic thin films used in microelectronic devices are polycrystalline 
rather than monocrystalline. The crystallites (grains) are held together through highly 
defective boundaries (grain boundaries), which are rapid paths for atomic diffusion. It 
has been well established that electromigration (EM) in thin films (i.e., Al 
interconnects) at moderate temperature (below half of the melting temperature) is 
dominantly attributed to the grain boundary diffusion process [74]. Evidence for grain 
boundary diffusion paths is the observed microstructural change and damage at the 
grain boundaries [75-76], and the measured lower activation energy than that of lattice 
(bulk) diffusion [77-78]. Not only has the evidence been accumulated in the pure 
metals, such as Al [79], Au [80], Ag [81], and Sn [82], but there are also some 
indications that EM occurs through grain boundary paths in alloy systems as well (i.e., 
Al-Cu [83], Au-Ag [84], and Ni-Fe [85]). In the case of a continuous mass flux 
through grain boundaries, no material damage would occur. However, local atomic 
flux divergence leads to the formation, growth, and movement of voids and hillocks 
[86]. Since EM-induced mass transport mainly takes place along the grain boundaries, 
both the microstructure and grain orientation are found to exert significant effects on 
the location of EM damage occurrence [86-87]. Figure 1.10 shows the observed grain 
and grain boundary structure with the transmission electron microscopy (TEM) image 
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of Al-2%Cu-0.3%Cr lines [88].  
 
FIG. 1.10 Grain and grain boundaries structures observed with TEM (after J. Cho [88]) 
 
As can be clearly seen in Fig. 1.10, due to the varying size and distribution of the 
grains, the atomic flux divergence region (i.e., triple points) can be formed, as marked 
in regions I and II. Region I is located at the end of a blocking grain (spanning over 
the whole interconnect width) that prevents the grain boundary diffusion. Therefore, 
this area acts as a source of mass flux resulting in void formation. By contrast, a 
depression of mass flux exists in the marked region II due to the reason that there are 
more mass fluxes flowing in but the mass flux flowing out is depressed by the 
blocking grain. Such local divergences in mass flux lead to the depletion or 
accumulation of materials, resulting in the formation of voids, and hillocks, 
respectively. The detailed damage formation mechanism will be given in the 
subsequent Section 1.2.3.    
 
1.2.3 Damage Formation and Kinetics 
As previously discussed in the Section 1.2.2.3, the atomic flux divergence caused 
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by EM-induced mass transport along grain boundaries would lead to the formation of 
voids (cracks) or hillocks. The voids and hillocks nucleation and propagation can be 
clearly seen in Fig. 1.11 below [89]. This tested Al interconnect was stressed at 






C. Voids are found to propagate and link 
together to cause electrical discontinuity, thus eventually (after 28 hrs) leading to 
open-circuit failure in conductor lines. At the same time, the hillocks are also found to 
grow larger and larger with time. This growth of hillocks could be able to extrude out 
materials to cause short-circuit failure between adjacent conductor lines in the same 
level as well as in adjacent levels in the multilayered structures. Alternatively, it can 
break through the passivation or protective coating layers and lead to subsequent 
corrosion induced failures.  
 
FIG. 1.11 SEM images showing the void/hillock formation of an 8μm wide Al line (after A. Buerke 
[89]).  
 
Void-open circuit failure usually appears in an earlier time frame than extrusion-short 
circuit failure in conductor lines using Al-based metallurgies. In order to understand 
the underlying physical reasons for the location of void and hillock formation, the 
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grain distribution and grain boundary misorientations between neighboring grains 
were measured inside the SEM by means of the Electron Backscatter Diffraction [89]. 
The grain boundary misorientation map and SEM image is shown in Fig. 1.12(a), and 
(b), respectively. As can be clearly seen in Fig. 1.12, the formation of voids takes 
place at the end of a blocking grain, where an atomic flux divergence occurs. In 
addition, the small grain between void and hillock deviates from (111) texture in 
normal direction, leading to wide angle grain boundaries (34-44
o
 misorientation in the 
marked region). These marked grain boundaries could possess high diffusivities since 
EM-induced mass flux is closely related to (proportional to ~sin(θ/2)cos(ψ)) the 
misorientation angle (θ) of grain boundaries between the neighboring grains and the 
angle (ψ) that the grain boundary makes with the electrical current [90-93].  
 
FIG. 1.12 (a) Grain boundary misorientation map and (b) the corresponding SEM image showing the 
void/hillock formation (after A. Buerke [89])    
  
Therefore, hillock formation is observed at the end of the preferred (marked) diffusion 
path at a triple point with two added grain boundaries crosswise to the current 
direction.    
However, the atomic diffusion at grain boundaries in most metals is by the 
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vacancy diffusion mechanism [94-95]. The vacancy flux Jv (counter-flux of Je) 
originated from EM and vacancy concentration gradient can be written as [96]   
 
evvv JCDJ                         (1.12) 
 
where Dv is the vacancy diffusivity. Based on the continuity equation, the local 
variation of the vacancy concentration Cv is given by: 
 








                      (1.13) 
 
where the last term expressing the local deviation of the vacancy concentration from 
the thermal equilibrium value ovC .   is the average lifetime of a vacancy in the 
presence of a sink or source. Under a steady-state condition, 0
dt
dCv , the deviation of 
the vacancy concentration from equilibrium becomes       
                          
                          vvv JCC  
0                          (1.14) 
 
which is proportional to the vacancy flux divergence (or atomic flux divergence). 
    In the ideal case of a structurally uniform conductor line without temperature 
gradient, no atomic flux divergence (vacancy flux divergence) would exist, and thus 
EM-induced damage (failures) would not occur. However, the conductor lines are 
commonly made of polycrystalline thin films containing structural defects (i.e., grain 
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boundaries). Whenever there is a spatial gradient (i.e., diffusivity variation [92], 
temperature gradient [97], or current density gradient [98]) in any of the physical 
parameters in Eq. (1.10), divergence in the atomic or vacancy flux will occur and thus 
leading to the local vacancy supersaturation or depletion. The extent of the vacancy 
supersaturation or depletion depends on the magnitude of the flux divergence as well 
as the effectiveness of sinks (or sources) in absorbing (or generating) the defects. 
EM-induced damage will originate from first nucleating voids once the local vacancy 
supersaturation is sufficient and subsequent sustaining atomic flux divergence results 
in the growth of voids. Once the void reaches a certain size, the effective current 
flowing cross section would decrease, thus causing the local current density increases. 
Since Joule heating is proportional to the square of current density, suddenly 
increased current density would lead to the increase of local temperature as well as 
temperature gradient, which in turn accelerates the void propagation (known as a 
positive feedback loop) [99-101].   
   Eventually, the growth and linkage of voids and hillocks would cause permanent 
damage in the metal lines by void-open or extrusion-short. In this last stage, the time 
and the location for the permanent damage to appear are basically the result of a 
statistical process, depending on the spatial distribution of flux divergent sites. While 
the flux divergent sites are varied with plenty of factors, such as fabrication process 
and microstructure, which leads to a varying time-to-failure (TTF) of the tested 
samples (i.e., lines or devices) under the accelerated EM testing conditions. This is the 
subject we will discuss in the following Section 1.2.4.    
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1.2.4 EM lifetime and Black’s equation 
In order to evaluate the electromigration (EM) resistance (reliability), the 
EM-induced failure lifetime (time-to-failure) measurement is the most commonly 
used method. It is well documented that the EM-induced failure lifetimes are 
lognormally distributed [102]. For a lognormal distribution of failure lifetimes 
 










50                  (1.15) 
 
where σ is the standard deviation of lnt, and t50 is the mean-time-to-failure (MTTF). 
The MTTF (t50) of EM tested samples is associated with the number of damage 
mechanisms present and the relative rate at which each contributes to the failure. 
Therefore, the tested samples with respect to a long lifetime should have the following 
characteristics: large grains to reduce total mass flux through the sample cross section, 
small grain size deviation to minimize the flux divergence, and the absence of void 
nucleating sites to prevent vacancy condensation.  
   In order to determine EM-induced failure lifetimes, accelerated testing by 
increasing ambient temperature or current density is necessary. Extrapolating data 
from testing to operating conditions is usually conducted by applying Black‟s 
equation [103] in its general form:  
 
                      )exp(50
kT
E
Ajt An                           (1.16) 
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where A is a pre-exponential factor, j is the current density, n is called the current 
exponent, EA is the activation energy, k is the Boltzmann constant and T is the 
temperature. The pre-exponential factor A depends on the geometry, microstructure 
and material/composition of the conductor line. The current exponent n is generally 
taken as 2 [104], which is in agreement with the model proposed by M. Shatzkes et al. 
[105] by solving the time-dependent diffusion equations and the models proposed by 
Korhonen et al. [106] and re-examined by J. J. Clement et al. [107] based on the 
time-dependent stress evolution (or equivalently vacancy concentration). However, 
whether the exponent n is 1, 2, or a larger number has been controversial, especially 
when the effect of Joule heating is taken into account. It was commonly found to lie 
between 1 and 3 in Al and Cu metal stripes [108-112], but was noticed to vary from 
experiment to experiment. A larger value of n has also been reported in some alloyed 
metal stripes, such as Al–1%Ge–0.5%Cu (n~3.4), Al–1%Si–0.5%Cu (n~4.7) [113], 
and NiFe (n~3.1-3.3) [114]. These high values of the current exponent (n>2) has been 
considered to be attributed to the effect of Joule heating [113-115]. Another 
mechanism, which could be responsible for the controversy of the measured n values, 
is the void nucleation and growth process for EM-induced failures [116]. The 
EM-induced void nucleation could be characterized by n=2 based on the analysis of 
Korhonen et al. [106]; while EM-induced void growth, which depends on the drift 
velocity, would lead to n=1 because the drift velocity is proportional to the current 
density. Since the total failure time is the sum of the two terms (void nucleation and 
growth), it can be concluded that if EM-induced failure is nucleation dominant, n 
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would be expected to be closer to 2, but if void growth consumes most of the 
time-to-failure n would be closer to 1. This viewpoint has been strongly supported by 
the recent experiment observations [117]. Based on the mechanisms of void 
nucleation and growth, the Black‟s equation could be rewritten as [116]: 
 









ttt Agnuc                  (1.17) 
 
where A is a constant that contains geometric information, such as the size of void 
required for failure, and B(T) has a temperature dependence that depends on which 
failure model is chosen [118].  
   It should be noted that Black‟s equation was derived from EM experiments of Al 
metal stripes. If the geometry or structure of the test samples becomes different, such 
as in a flip chip solder joint, the measured MTTF may also be different from the 
predicted value based on Black‟s equation. A solder joint consists of three parts: 
solder bump, thin film under-bump-metallization (UBM) on the chip side, and 
metallic bond-pad on the substrate side [119]. It has been suggested that the 
line-to-bump geometry could render undesirable current crowding behavior, resulting 
in elevated current density in the solder region than the average current density [120]. 
In addition, the temperature inside the solder bumps during accelerated testing is 
much higher than that of the ambient due to the Joule heating [121]. To include these 
effects in the MTTF analysis, the modified Black‟s equation in solder joint has been 
proposed as follows [122-123] 
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 term in Black‟s equation has been revised to (cj)-n in order to include the 
high current crowding effect in solder joints. In addition, the temperature factor is 
modified to (T+ΔT) to account for considerable Joule heating during the accelerated 
EM test.  
   A severe Joule heating may also lead to a considerable temperature gradient built 
up in a non-uniform structure such as multilayered thin films, resulting in 
thermomigration (TM).  
 
1.3 Thermomigration (TM) Physics 
Thermomigration (TM), also known as the Soret effect, is the mass transport in 
response to a driving force resulting from a temperature gradient. In some liquids, the 
effect of TM could be significant. In the late 1870s, C. Soret observed an increase 
(decrease) in salt concentration at the cold (hot) end of a tube filled with salty water 
[124], which was driven by the temperature gradient. In most solids, especially 
materials with high electrical and thermal conductivity (i.e., Al, Cu interconnects), 
TM is generally a negligible effect [125]. More recently, however, TM has been 
identified as a new significant reliability concern for flip chip solder joints in 
advanced microelectronic packaging [126]. The atomic migration (or mass transport) 
caused by TM is triggered by a considerable temperature gradient across solder joints, 
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which is more evident because of the dramatic Joule heating accumulated at the chip 
side. The physical basis behind TM is not well established. The most accepted theory 
is closely related to EM in that the force acting on the diffusing atoms is the 
momentum exchange from the collisions of diffusing atoms and conduction electrons. 
In this case, when there is no current flowing, the force in the direction of the 
temperature gradient results from the fact that the electrons in the high temperature 
region have higher energy in scattering or stronger interaction with diffusing atoms 
[127].  
The driving force of thermomigration (TM) caused by temperature gradient is 
given by [128]  
 
                    TTNQF AT /)/( 
                          (1.19)  
 
where, NA is the Avogadro‟s number, and Q* is called by the heat of transport and is 
the heat flow per mole that must be supplied to maintain unit molar flow in 
steady-state. For the vacancy mechanism, the general conclusion in the literature 
[129-131]
 
is that Q* can be estimated as Q* ≈ βHm–Hf, where β is the dimensionless 
factor, which is predicted to be near but less than 1, Hm and Hf are the migration and 
formation energy for vacancies. Based on Nernst-Einstein equation, the drift velocity 
of atoms under temperature gradient becomes, 
 





                            (1.20) 
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where, k is the Boltzmann constant, and D(T) is the thermally activated diffusion 
coefficient. Hence, the atomic flux under temperature gradient can be expressed by, 
 
                T
kT
QTDN
vNJ aTaT  2
*)(
                         (1.21) 
 
where, Na is the atomic concentration.  
 
1.4 Electromigration in GMR spin valves (SVs) 
Since 1966, electromigration (EM) has been considered as one of the primary 
failure mechanisms limiting the reliability of integrated microelectronic devices 
operating at the high current densities [132]. The concerns on the reliability of GMR 
based spintronic devices due to the EM-induced failures were first raised 
approximately 20 years ago in the GMR thin films, multilayers, or spin valves [85, 




) than that of 
microelectronic devices was the main motivation to accelerate the studies of 
EM-induced failure characteristic and its physical contribution to the magnetic and 
electrical degradation of GMR SV thin films or devices [133]. The EM-induced 
failure characteristics in the GMR SV devices were found to be completely different 
and more complicated compared to the high conductivity Al or Cu interconnects. 
These differences could be originated from their different material composition, layer 
structure as well as operating environment, as listed in Table 1.1. 
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The operating current density in spintronic devices (i.e., GMR spin valves) for the 
ultrahigh density magnetic recording is one or two orders of magnitude larger than 
that of microelectronic devices (i.e., Al or Cu-based interconnects). Furthermore, the 
GMR spin valves are made of multilayered thin films with different material 
properties and are operated with an environment with both electric and magnetic 
fields. Table 1.2 summarizes the EM activation energies for GMR SV devices 
reported in the literature so far. As can be seen in Table 1.2, the activation energy for 
magnetic thin films, multilayers, and GMR spin valves falls in the range of 0.8~1.6eV 
(grain boundary diffusion), which is found to be larger than that of microelectronic 
devices (i.e., Al or Cu-based interconnects commonly in the range of 0.3~0.7eV) 
when no severe inter-diffusion has occurred [72, 135-140]. In addition, the magnetic 
degradation of GMR spin valves caused by the high operating current density has 
been shown to be mainly attributed to: 1) EM-induced void or crack formation [133, 
134]; 2) high current density induced oersted field (self-field), which affects the 
magnetization of pinned layer and the sensitivity of the free layer [141]; and 3) 
inter-diffusion (intermixing) of different metallic layers [142]. According to the 
research results observed so far, it was qualitatively demonstrated that the 
EM-induced atomic inter-diffusion, mostly Mn or Cu inter-diffusion into the magnetic 
layers, in the current-in-plane (CIP) GMR SVs is directly relevant to the electrical and 
magnetic degradation of the CIP GMR SV devices [142-144].  
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This special feature of EM-induced failure characteristics were assumed to be due to 
the configuration of CIP GMR SV device that has several different interfaces, which 
are created by the magnetic or non-magnetic thin film layers with different 
resistivities (or thermal conductivities) and thermal expansion coefficients. In addition, 
it was speculated that a higher Joule heating due to the high device resistance and 
extremely high temperature and temperature gradient at the interfaces due to the 
“current sinking effects” accelerated the EM-induced failures [114].       
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   An improvement of GMR SV device performance against EM could be obtained 
by tailoring diffusion barrier layers into the SV stack. It has been reported that by 
inserting an ultrathin Co or CoFe film between NiFe and Cu, the Ni-Cu intermixing 
can be greatly suppressed [140]. A diffusion barrier layer composed of an amorphous 
material comprised of CoFeX, wherein X is an element selected from the group 
consisting of Nb, Zr and Hf, has been proposed [145]. It is also found that Ru acts as a 
good diffusion barrier for Ni and Mn element in the SV structure [146-147]. An 
ultrathin nano-oxide-layer (NOL) formed by natural oxidation has also been shown to 
behave as a good diffusion barrier for Mn in the specular spin valves [148].    
 
1.5 Discussion and Motivation  
Based on earlier reviews, electromigration (EM) in GMR SV read sensors is 
different from that in Al or Cu-based interconnects. The main differences lie in that: 




), which is one 
or two orders of magnitude larger than that of Al or Cu-based interconnects [133]. 
Such a huge current density could generate considerable Joule heating and 
consequently raise the device temperature or temperature gradient leading to an 
accelerated EM [114, 149]. Secondly, the GMR SV read sensors are composed of 
different magnetic or nonmagnetic thin film layers (i.e., AF layer, pinned layer, spacer 
layer, and free layer) with different electrical conductivities, thermal conductivities, 
and thermal expansion coefficient. In this multilayered structure, EM may lead to an 
accelerated inter-diffusion through the different interfaces [72]. Thirdly, the GMR SV 
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read sensors are operated in an environment with both electric and magnetic fields 
during sensor retrieving operation [150].  
 However, all the research efforts made so far were entirely focused on the 
phenomenological observation of electromigration (EM)-induced failures or electrical 
and magnetic degradation in CIP thin films, multilayers, GMR SVs and magnetic 
tunnel junctions (MTJs) under the accelerated electrical stress and temperature 
conditions [73, 114, 133, 141, 149, 151], there has been no report on the physical 
effects of applied magnetic field including DC magnetic field, and pulsed-DC 
magnetic field on the EM-induced failure lifetimes and its characteristics, although 
most of the GMR or MTJ based spintronics devices are operated by an externally 
applied magnetic field [150].  
Furthermore, there have been no systematic studies to elucidate the physical 
failure mechanisms responsible for the electrical and magnetic failures in the different 
sensor configurations of GMR SV read sensors, such as current-in-plane (CIP), 
current-perpendicular-to-plane (CPP) and current-confined-path (CCP)-CPP. The 
main reason for this technical limitation is that the read sensors are completely 
encapsulated by the insulator as well as top and bottom magnetic shields [2, 152]. 
Therefore, it was not easy to analyze the fluctuation of temperature rise and the 
current density distribution inside the read sensors.   
The main aim of this study was to investigate the effects of magnetic field on 
EM characteristics during sensor retrieving operation as well as to analyze the 
electrical and magnetic failure mechanisms of CIP, CPP and CCP-CPP GMR SV read 
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sensors operating at high current densities. The specific objectives of this research 
were to:   
1) investigate the physical effects of magnetic field on the electrical and magnetic 
stability in GMR SV read sensors  
2) study the effects of media stray field (i.e., magnetic pulse width, bit length) on 
EM characteristics of GMR SV read sensors during retrieving operation  
3) identify any new electrical and magnetic failure mechanism in the next 
generation sensor configurations, such as CPP and CCP-CPP  
4) explore the underlying physical reasons responsible for the different electrical 
and magnetic failures through the comparison of energy changes driven by 
EM and TM  
5) clarify which failure mode, EM or TM, would dominantly give rise to the 
electrical and magnetic degradation in CIP, CPP and CCP-CPP GMR SV read 
sensors.  
The results of this present study may have significant impact on both providing a 
guideline for improving the reliability of GMR SV based spintronics devices and 
understanding the theory behind: 
1) the underlying mechanisms responsible for the effects of magnetic field on 
EM characteristics in GMR SV read sensors 
2) the physical mechanism of TM-induced magnetic degradation in CPP GMR 
SV read sensors 
3) the electrical and magnetic failures caused by EM and TM in CIP, CPP and 
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CCP-CPP GMR SV read sensors 
In the next chapter, the experimental techniques including sample fabrication, device 
measurement and characterization will be presented. In Chapter 3, the effects of 
magnetic field on electrical and magnetic stability will be analyzed by considering the 
Hall and GMR effects during sensor retrieving operation. The EM and TM behavior 
of GMR SVs in different sensor configurations are elaborated in Chapter 4. In this 
chapter, the underlying physical mechanisms responsible for the electrical and 
magnetic failures in CIP, CPP and CCP-CPP GMR SV read sensors will be discussed 
in detail. Chapter 5 summarizes this thesis, the ideas and possibilities to explore 
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CHAPTER 2 EXPERIMENTAL TECHNIQUES 
This chapter presents an overview of the experimental techniques utilized in this 
research work. The first section provides a detailed look at the sample fabrication 
processes and the optimized parameters and conditions for the device thin film 
deposition and patterning. In the second section, various measurement and 
characterization techniques employed in this study are presented. These include 
electrical characterization, magnetic characterization and microstructure analysis, 
with an emphasis on our home made systems used for the device measurement.  
 
2.1 Sample Preparation for the EM Test  
2.1.1 Sputter deposition 
DC magnetron sputter deposition is the main technique used in depositing the 
thin films, multilayers, and GMR SVs for this research work. The sputter deposition 
of the thin films including Ta, Al, Cu, NiFe, Co, CoFe and FeMn was done using an 
AJA multiple target sputtering system. As shown in Fig. 2.1, in a typical DC 
sputtering process, the gas ions (i.e., Ar) in plasma are accelerated towards the target 
material with a negative target potential (cathode). These impacting ions cause the 
target material to be removed and are deposited onto the substrate. This “blasting” of 
charged ions also generate secondary electrons which feed the formation of further 
ions and sustain the plasma. In the case of magnetron sputtering, magnetic 
arrangements beneath the cathode could trap the free electrons in a circuitous path 
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above the target, thus enhancing the ionization rate. Magnetron sputtering also allows 
for the plasma to be sustained at much lower pressures allowing higher quality films 
to be produced.  
 
FIG. 2.1. Typical DC magnetron sputtering process   
 
Generally speaking, there are four key deposition parameters that will affect the 
microstructure of a thin film: the deposition rate (related to the sputter working 
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pressure and power), the vacuum level in the deposition chamber, the substrate 
temperature, and the surface structure of the substrate. In this work, the thin films 
were deposited at room temperature (RT) with the base pressure kept below 410-8 
Torr. Other sputtering deposition parameters for the different thin films are shown in 
Table 2.1.   
 
2.1.2 Device patterning and fabrication 
After the sputtering deposition of thin films, the EM test devices were patterned 
with electron-beam lithography (EBL) and ion-beam etching followed by 
photolithography for electrode alignment and deposition on either side of patterned 
devices. Photolithography is carried out using a Karl Suss MA6 system which utilizes 
a mercury lamp as the UV light source and transfers patterns on a mask to a 
photoresist layer on the substrate that is sensitive to UV exposure. Different from the 
optical lithography system, Electron beam lithography (EBL-Elionix EL7700) utilizes 
a focused beam of electrons to expose patterns on electron beam sensitive resists.  
The detailed fabrication process for the EM testing magnetic/nonmagnetic 
multilayers and GMR SV devices is as follows (as illustrated in Fig. 2.2):    
Step 1: The GMR SV (as schematically illustrated in Fig. 2.2(b)), which consists of 
Ta(4.5)/NiFe(3.3)/CoFe(0.77)/Cu(2.4)/CoFe(0.77)/NiFe(3.3)/FeMn(15)/Ta(4.5 
all in nm) is deposited on pre-cleaned Si (100) substrate using a DC 
magnetron sputter.   
Step 2: EBL resist (maN2405) is spun on using spin coater for patterning.  
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FIG. 2.2. (a) Fabrication process for the GMR SV devices under EM test; (b) Schematic illustration of 
GMR SVs; (c) SEM image for the EM test sample with electrodes; (d) Enlarged SEM image for the 
GMR SVs.   
 
Step 3: GMR SV Devices are patterned using EBL and developed using maD 532 
solution (70~80s). 
Step 4: Ion miller etching followed by the lift off to remove the remaining EBL resist.  
Step 5: Photolithography (Mask aligner) is used to pattern the electrodes (contacts) 
and the pattern is transferred after the deposition of Al(20)/Cu(250)/Al(20 nm)    
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by liftoff.  
Fig. 2.2(c) and (d) show SEM images of the EM test samples after patterning. The 
above fabrication process is also applied to the magnetic/nonmagnetic multilayers 
made of NiFe/Co/Cu/Co/NiFe. The electrodes using Al/Cu/Al trilayers instead of 
single layer Al or Cu is due to the good adhesion of Al on the Si substrate and high 
activation energy of Al/Cu/Al against EM. Another method using positive EBL resist 
was also employed to fabricate the magnetic/nonmagnetic multilayers (NiFe/Co/ 
Cu/Co/NiFe). In this method, the device region is first formed using EBL resist 
(PMMA 950). The multilayers are then deposited by sputtering and the pattern is 
transferred by liftoff. Table 2.2 summarizes the different types of resists for EBL and 
photolithography along with their experimental parameters used in this study.   
 
 
2.2 Characterization Techniques 
Various electrical and magnetic characterization techniques have been used in this 
project to analyze the EM behavior in GMR SV multilayers and read sensors. The 
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lifetime measurement was employed to obtain the quantitative EM failure 
mean-time-to-failure (MTTF). EM-induced failure lifetime was defined as the time 
for the resistance of the devices to increase by 100%. During this process, the GMR 
degradation and temperature variation caused by the electric and magnetic fields were 
monitored through the GMR and temperature measurements. The EM-induced 
failures, such as voids, cracks or hillocks, inside the tested devices before and after 
applying the electrical stress were observed using field-emission scanning electron 
microscopy (FE-SEM). The magnetic properties of the magnetic thin films were 
measured using a vibrating sample magnetometer (VSM). In addition, the 
inter-diffusion behavior between thin films in the multi-layered structures and the 
interface changes were characterized by high-resolution transmission electron 
microscopy (TEM).  
  
2.2.1 Lifetime measurement 
The lifetime measurement is the most commonly used method for evaluating EM 
resistance. The EM lifetime usually follow a log-normal distribution and are given in 
terms of a mean-time-to-failure (MTTF), or t50, which is time to reach a failure of 
50% of a group of identical testing samples. The TTF in this study is defined as the 
resistance of the testing samples increased by 100% and the MTTF is determined as 
the exponential of the mean of the logarithm of TTF. The MTTF, and standard 
deviation σ, of the lifetime can be calculated based on Eq. (2.1) and (2.2), by using the 
TTF data obtained from the experimental work. In deriving standard deviation of the 
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lifetime, the longest and shortest lifetimes (TTF) are generally excluded. 
1 2 3
exp ln
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                           (2.2) 
 
where, tn is the time to failure (TTF) of each tested sample and n is the total test 
sample number. The failure lifetimes are plotted on a logarithm scale versus a normal 
probability scale of cumulative failure percent to verify that the points fall along a 
straight line and thereby demonstrate that it follows the lognormal distribution. In this 
study, the EM lifetime test was carried out under both accelerated electric and 
magnetic fields. The electrical stress was applied using a micromanipulator probe 
station with programming controlled Keithley 2420 sourcemeter at a four-point probe 
mode.  
 
FIG. 2.3. Micromanipulator probe station and home made electromagnet used for EM lifetime test.   
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At the same time, the magnetic field (DC or pulsed DC type) was applied using a 
home made electromagnet, as shown in Fig. 2.3. In order to obtain a uniform and 
strong magnetic field for the EM test, the designed electromagnet was first simulated 
to optimize its geometry, as shown in Fig. 2.4. it was found, based on the 
electromagnetic simulations, that the electromagnet with the length of the magnetic 
pole (Lpole=5cm) and the gap of the poles (Gpole=2cm) could generate a uniform 
and strong enough magnetic field at the centre of the two magnetic poles, as indicated 
in the red line of Fig. 2.4(b). The actual magnetic field generated in the home made 
electromagnet was further verified and calibrated with a gaussmeter.   
  
FIG. 2.4. (a) Dimension (plan view) and (b) simulated magnetic flux of the designed electromagnet 
used for the EM lifetime test.  
 
2.2.2 GMR measurement 
This home made electromagnet is also used to measure the GMR properties, i.e., 
MR ratio of GMR SV read sensors. This electromagnet capable of generating up to 
1kOe magnetic field was controlled by an Agilent 3420 voltage source and relay 
switching setup for both positive and negative magnetic fields. The resistance (or 
voltage) versus applied magnetic field for the test samples was measured using a 
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Keithley 2420 source meter. Source currents for GMR measurements were varied 
from 10µA to 100mA. A schematic of GMR measurement set up is shown in Fig. 2.5.  
 
FIG. 2.5. Schematic of GMR measurement set up  
 
The GMR measurement program was implemented into an automated easy to use 
system using National Instruments Labview. The interfaces showing the parameters 
that can be controlled as well as the outputs for the GMR measurement system is 
shown in Fig. 2.6. 
 
FIG. 2.6. Interface of software designed for GMR measurement  
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2.2.3 Temperature measurement 
In order to confirm the temperature variations due to the GMR effect, the actual 
temperature of the GMR SV devices were measured with a thermocouple. This 
thermocouple, based on the thermoelectric effect (or Seebeck effect), is widely used 
as a type of temperature sensors for measurement and control. It consists of two 
dissimilar metals (usually metal alloys), coupled at the probe tip (measurement 
junction) and extended to the reference junction, as schematically illustrated in Fig. 
2.7.  
 
FIG. 2.7. Schematic illustration of a thermocouple used for temperature measurement  
 
 
FIG. 2.8. Probe tip of thermocouple placed directly on the top surface of GMR SV stripes for the 
temperature measurement.     
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Due to the Seebeck effect, the thermocouple could produce a voltage (V=α(T-Tref)) 
proportional to the temperature difference between the measurement and reference 
junctions, where α is the seebeck coefficient of the thermocouple. Any attempt to 
measure this voltage necessarily involves connecting another metal to the probe tip 
(metal A and B). This additional metal would experience the same temperature 
gradient, and develop a voltage of its own which is opposite to the other, thus 
amplifying the voltage signal. These two dissimilar metals are connected together at 
the probe tip, which is placed in direct contact with the top surface of tested GMR SV 
stripes, as shown in Fig. 2.8. The output of the thermocouple is connected to a 
multimeter (FLUKE 289), which displays and records the device temperature.    
 
2.2.4 Scanning Electron Microscopy (SEM)  
 
FIG. 2.9. JSM 6700F SEM used for imaging of EM-induced failures before and after EM test  
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Scanning Electron Microscopy (SEM) is a powerful tool that utilizes the extremely 
small wavelengths of accelerated electrons to resolve features down to the nanometer 
scale. When an accelerated electron beam is striking a sample, several signals 
including secondary electrons, backscattered electrons, transmitted electrons, X-rays, 
Auger electrons and cathodaluminescence are generated [2]. These signals can be 
detected with the specialized detectors to allow for obtaining certain useful 
information such as topography, morphology, composition and crystallography. In this 
work, a JSM 6700F SEM from JEOL (see Fig 2.9) was used to image the GMR SV 
devices before and after the EM test.  
In order to obtain a more clear 3D (oblique) SEM images for the observations of 
EM-induced failures, a cross sectional sample holder is utilized (see Fig. 2.10).  
 
FIG. 2.10. Cross sectional sample holder used for 3D (oblique) SEM imaging  
 
The samples can be placed at one side of the notch of this specialized sample holder, 
as indicated in the red arrow of Fig. 2.10. By rotating the sample holder (the angle 
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between electron beam and sample surface, θ=15~20o depending on the working 
distance), a 3D (oblique) SEM image can be readily obtained.  
 
2.2.5 Vibrating Sample Magnetometer (VSM) 
The magnetic characterization (M-H loops) of the thin films, magnetic 
multilayers in this research work was measured using a vibrating sample 
magnetometer (VSM), EV5 from Digital Measurement Systems, as shown in Fig. 
2.11(a).  
 
FIG. 2.11. (a) VSM system and (b) its schematic illustration used for M-H loop measurement 
 
This system allows for the application of a uniform magnetic field up to 14kOe (1.4T) 
generated by the electromagnets and the operating temperature can be controlled by 
introducing Nitrogen or Helium gas. In the VSM system, as schematically shown in 
Fig. 2.11(b), a thin vertical sample rod connects the sample holder with a transducer 
assembly located above the magnet. The transducer converts a sinusoidal ac drive 
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signal, which is provide by an oscillator/amplifier circuit, into a sinusoidal vertical 
vibration of the sample rod. The sample is thus subjected to a sinusoidal motion, 
which generates a time varying magnetic flux in the nearby pickup coils. Based on 
Faraday‟ law of induction, a time varying magnetic field would generate an electric 
field (voltage) proportional to әB/әt. Thus, when the sample is vibrated in a sinusoidal 
motion, the magnetic flux through the nearby pickup coils varies sinusoidally and a 
sinusoidal electrical signal can be induced in these pickup coils. The amplitude of this 
induced voltage is proportional to the magnetic moment of the sample [3]. In this way, 
the hysteresis curve of the sample can be obtained by measuring this induced voltage 
through the use of a lock-in amplifier in the field of an external electromagnet.  
               
2.2.6 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy (TEM) is a high resolution microscopy 
technique whereby an electron beam is transmitted through an ultrathin sample, which 
interacts with the sample as it passes through. In this work, the interfacial 
microstructure variation and the interdiffusion behavior due to EM-induced failure 
were characterized using a cross-sectional transmission electron microscope (XTEM), 
model Tecnai G2 F30 S-Twin, with an operating voltage of 300kV. Typically, a TEM, 
as schematically shown in Fig. 2.12 constitutes of a few condenser lenses to focus the 
electron beam from the electron gun, and objective lens that forms the image of the 
sample on the image plane and the diffraction in the back focal plane, as well as 
intermediate lenses to magnify the image or the diffraction pattern on the screen.  
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FIG. 2.12. Schematic diagram of TEM 
 
The image of the sample is formed by allowing only the transmitted beam (in the case 
of bright field imaging) or one of the diffracted beams (in the case of dark field 
imaging) to pass through with the use of an aperture [4]. An ultra thin sample on the 
order of 100nm is required for the ease of electron transmission. The transmitted 
electron beam is sent through several magnification lenses to achieve the high 
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CHAPTER 3 EFFECTS OF MAGNETIC FIELD ON 
ELECTROMIGRATION CHARACTERISTICS IN GMR 
SPIN VALVES 
As previously reviewed in Chapter 1, intensive studies of EM-induced magnetic 
and electrical degradations of magnetic thin films, SV multi-layers (SV-MLs), GMR 
SVs, and MTJs have been done for the last ten years to understand the EM-induced 
failure mechanism and to find effective solutions enabling improvement of the 
reliability of GMR SV and MTJ based spintronics devices.
 
However, all the research 
activities so far entirely focused on studying the physical mechanism responsible for 
the EM-induced failures under the accelerated electrical stress and different ambient 
temperature conditions. There has been no report on the physical effects of applied 
magnetic field including DC and pulsed DC magnetic fields on the EM-induced 
failure lifetimes and its characteristics, although most of the GMR SV and MTJ based 
spintronics devices are operated by an externally applied magnetic field. In this study, 
the effects of magnetic fields on the EM-induced failure characteristics were 
systematically investigated in both magnetic/nonmagnetic multilayers (MLs) and 
GMR SV read sensors. This chapter is organized as follows:   
In Section 3.1, we report on the EM-induced failure characteristics and newly 
developed physical mechanism (model) of NiFe/Co/Cu/Co/NiFe MLs (commonly 
used as a part of GMR SVs) stressed by both magnetic field and constant DC electric 
current. The EM behavior of GMR SVs under both electric and magnetic fields during 
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retrieving operation were experimentally and theoretically analyzed, as presented in 
Section 3.2. Then in Section 3.3, we extended our study to the media stray field 
(magnetic stray field from the recording media) by considering the main physical 
parameters in magnetic recording media, such as magnetic pulse width, bit length as 
well as head moving velocity on EM-induced failure lifetime of GMR SV read 
sensors.    
 
3.1 EM failure characteristics in magnetic/nonmagnetic multilayers 
under both electric and magnetic fields 
    The magnetic/nonmagnetic multilayer (ML) devices were made of NiFe(2.5)/ 
Co(0.5)/Cu(2)/Co(0.5)/NiFe(2.5 all in nm) with a width of 2μm and a length of 20μm. 
The detailed device fabrication process was presented in Section 2.1. An 
electromagnet precisely calibrated was used to apply DC magnetic fields or pulsed 
DC magnetic fields with different duty factors (see Fig. 3.1(a)) to the ML devices 
electrically stressed by a constant DC current density of J = 1107 ~ 1108 A/cm2. 
The applied DC magnetic field was changed from 200 Oe to 600 Oe and the duty 
factor of the pulsed DC magnetic field, which is orthogonally applied to the electric 
field (considering device operating conditions for a real GMR SV read sensor and a 
toggle switching MRAM), was changed from 0.3 to 1 (constant cycle time of 20 
seconds) at the fixed magnetic field of 200 Oe. In order to exclude the influence of 
interlayer coupling and magnetostatic coupling energy, which are formed in the 
magnetic/nonmagnetic ML devices, on the EM-induced change of resistance under 
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both magnetic and electric fields, the applied magnetic field was controlled to be 
larger than the saturation magnetic field of the magnetic/nonmagnetic ML devices 
(see Fig. 3.1(b)). The time-to-failure (TTF) and the mean-time-to-failure (MTTF, t50) 
were defined as the time for the resistance of the devices to increase by 100 % and the 
exponential of the mean of the logarithm of TTFs, respectively.  
 
FIG. 3.1. (a) Applied magnetic fields with different duty factors controlled by an electromagnet to the 
magnetic/nonmagnetic ML devices, and (b) a M-H loop of NiFe(2.5)/Co(0.5)/Cu(2)/Co(0.5)/NiFe(2.5 
nm) MLs.  
 
The EM-induced failures were analyzed using a high resolution transmission electron 
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microscopy (HR-TEM).  
 
3.1.1 Dependence of magnetic field strength and duty factor on EM-induced 
failure lifetime in magnetic/nonmagnetic multilayers  
    Figures 3.2(a) and (c) show the electrical resistance change vs. time for 
magnetic/nonmagnetic ML devices stressed by both electric and magnetic fields. The 





the applied DC magnetic field was varied from 200 Oe to 600 Oe. The pulsed DC 
magnetic field was kept constant at 200 Oe with different duty factors of 0.3, 0.8, and 
1, respectively. As shown in Fig. 3.2(a) and (c), the EM-induced failure lifetime of 
magnetic/nonmagnetic ML devices had a strong dependence on the strength and duty 
factor of the applied magnetic field. In order to obtain a full picture of the dependence 
of MTTF on the applied magnetic field, the cumulative failure percent with different 
field strengths and duty factors was determined based on the TTF of the 
magnetic/nonmagnetic ML devices, as shown in Fig. 3.2(b), and (d), respectively. As 
can be clearly seen in Fig. 3.2(b), the MTTF of magnetic/nonmagnetic ML devices 




 was inversely 
proportional to the applied magnetic field. A significant decrease of MTTF from 
128.22h to 16.08h was observed by increasing the DC magnetic field from 0 to 600 
Oe. In order to investigate the effects of magnetic field on the EM-induced failure 
lifetime characteristics in an environment more close to GMR SV read sensor or 
GMR SV MRAM operating conditions, the duty factor of the pulsed DC magnetic 
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field was changed from 0.3 to 1 at the fixed field of 200 Oe, as shown in Fig. 3.2(d). It 
was clearly revealed that the MTTF was decreased by increasing the duty factor of the 
pulsed DC magnetic field.  
 
FIG. 3.2. The dependence of applied D.C. and pulsed D.C. magnetic fields on the EM-induced failure 
characteristics of magnetic/nonmagnetic ML devices electrically stressed by a constant D.C. current 




. The D.C. magnetic field orthogonally applied to the electrical current was 
changed from 0 to 600 Oe and the duty factor (ζ) of pulsed D.C. was varied from 0.3 to 1 at the fixed 
magnetic field of 200 Oe. (a) electrical resistance change (R) vs. time (t) curves at the different D.C. 
magnetic field, (b) cumulative percent vs. TTF curves at the different D.C. magnetic field, (c) R vs. t 
curves at the different pulsed D.C. magnetic field (different duty factors), and (d) cumulative percent vs. 
TTF curves at the different pulsed D.C. magnetic field (different duty factors).    
 
All the experimentally analyzed results shown in Fig. 3.2 demonstrated that 
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EM-induced failures of magnetic/nonmagnetic ML devices are severely accelerated 
by the externally applied magnetic field. Furthermore, these results strongly indicate 
that the EM-induced failure characteristics of magnetic/nonmagnetic MLs and GMR 
SV based spintronics devices should be differently interpreted from other electronic 
devices due to the externally applied magnetic field for device operation.   
 
3.1.2 Theoretical model  
The dramatic decrease in MTTF of magnetic/nonmagnetic ML devices under 
magnetic field can be assumed to be originated from the geometrically-induced 
Hall-effect, which can exert an extra Lorentz force to the perpendicular-to- 
the-film-plane (z) direction (see Fig.3.3) possibly responsible for the acceleration of 
atomic diffusion (migration). Based on this physical assumption, a theoretical model 
was developed to study the physical nature of the severe acceleration of EM-induced 
failures in magnetic/nonmagnetic ML devices under magnetic field.    
 
FIG. 3.3. Schematic illustrations of electrons‟ motion in the magnetic/nonmagnetic ML devices under 
(a) electrical field (Ex or Jx) & no magnetic field (H = 0), and (b) electrical field (Ex or Jx) & magnetic 
field (Hy = 200 ~ 600 Oe)   
 
In this model, it was considered that the accelerated atomic migration mainly occurred 
in the Cu spacer region due to the “current sinking effect” describing that the 
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operation current of magnetic/nonmagnetic ML devices (or GMR SV devices) would 
be concentrated on the Cu spacer because of its lowest electrical resistivity compared 
to other magnetic layers. In order to analyze the electron transport properties of the 
magnetic/nonmagnetic ML devices under the both electric and magnetic fields (Ex, 
Hy), as illustrated in Fig. 3.3(b), the distribution function of electrons in a steady state 
is expressed based on the Boltzmann equation [1].   
 










































              (3.1.1)  
 
where, m* is the effective mass, τ is the effective relaxation time of conduction 
electrons, f0 is the Fermi function given by 1/{e
(E-ξ)/kT+1} (ξ being the Fermi energy 
level), f1 is the deviation of electron distribution function f (f = f0+f1), and vx, vz are the  
x and z component of electron velocity v. In order to obtain the current densities in the 
x direction due to Ex and z direction induced by Hall effect (or Lorenz force), the 
Boltzmann equation needs to be solved by assuming a solution of the form,  
 
                        vfvCvCf zx  /)( 0211                       (3.1.2) 
 
where, C1 and C2 are functions of v. Substituting Eq. (3.1.2) into Eq. (3.1.1), the 
Boltzmann equation becomes two simultaneous equations, given by Eq. (3.1.3) and 
(3.1.4), 
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                       (3.1.4)                             
 
In Fuchs‟ model [2], a conduction electron colliding with the interface/surface is 
scattered specularly with a probability of p and diffusely with a probability of 1-p. In 
the presence of both bulk and interface scatterings, we may define an effective 
















                        (3.1.5) 
 
Where, l0 is the mean free path, cosvvz  . The effective relaxation time depends on 
the angle of incidence θ, specularity parameter p and the reduced film thickness k 
(k=a/l0, a is the film thickness). Substituting Eqs. (3.1.5) and (3.1.4) into Eq. (3.1.3), 
we can obtain, 
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C                  (3.1.7) 
 
where, α=l0/r (r is the radius of the circular orbit of an electron in a magnetic 
field eHvmr /* ), and μ=k/(1-p). Having the determined solution of the transport 
equation, the current density in the current flowing (x) direction, and the current 
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density induced by Hall effect in the perpendicular-to-the-film-plane (z) direction, 











)(2                       (3.1.8)
 
 
Substituting Eq. (3.1.2) into Eq. (3.1.8), Jx and Jz becomes 
 















)(2                  (3.1.9) 
 
and  














)(2                 (3.1.10) 
 
Introducing the polar coordinates (v, θ, υ) in the v-space where cosvvz  , the total 
current densities in the x and z directions, Jx and Jz , can be expressed as 
 










 s i n c o s)(2 dCdv
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eJ x               (3.1.11) 
and  
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Integrating over θ and υ, we can obtain, 
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B                 (3.1.16) 
                   
Eqs. (3.1.14) and (3.1.16) clearly demonstrate that Jz becomes zero in the absence of a 
magnetic field, since H=0, α=0, and Ez=0, as schematically illustrated in Fig. 3.3(a), 
while in the presence of a magnetic field, there exists an induced current (Jz) in the 
perpendicular-to-the-film-plane (z) direction due to the curling motion of electrons 
caused by Lorentz force due to the Hall effect, as schematically illustrated in Fig. 
3.3(b). In order to calculate and compare the Joule heating generated in the 
magnetic/nonmagnetic ML devices both in the presence and in the absence of a 
magnetic field, the electrical conductivity needs to be calculated according to the 
definition
 
[4] given by Eq. (3.1.17).  
 






















                     (3.1.17) 
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where, σ0 is the conductivity of bulk metal ( vmlne
 /0
2
0 ). In the absence of a 
magnetic field (H=0, α=0), Eq. (3.1.15) could be simplified as 
)1ln()1(2/' 12211
 AA and the electrical conductivity becomes 2/'3' 10 AF   . 
If the Hall-effect is not taken into consideration, the Joule heating Q under only 
electrical stress is given by 2)( Q , where σ is the electrical conductivity and Φ the 
electrical potential. However, in the presence of externally applied magnetic field, the 
Joule heating Q considering the duty factor (ζ) of the pulsed DC magnetic field can be 
modified as; 
 
                     22 )(')1()(  FFQ                       (3.1.18) 
 
Based on Eqs. (3.1.13) ~ (3.1.18), we can conclude that the Joule heating generated in 
the magnetic/nonmagnetic ML devices under both magnetic and electrical stress is 
directly relevant to the strength and ζ of the magnetic field. In order to numerically 
confirm the change of Joule heating and temperature gradient inside the 
magnetic/nonmagnetic ML devices due to Hall-effect, the temperature distribution 




 with different DC magnetic fields and pulsed DC magnetic field with different 
duty factors were calculated by considering Eq. (3.1.18) and thermally-induced mass 
transport model. At each stack position, the temperature profiles were extracted from 
the central region (0, 0, z) of the magnetic/nonmagnetic multilayers, where z is varied 
from the bottom to the top of the devices (0 ~ 8 nm). The temperature gradient related 
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to the internal Joule heating in the (+z) direction (see Fig. 3.3(b)) is defined as the 
temperature variation in an infinitesimal distance ZTT  / .  
 
FIG. 3.4. Temperature distribution profiles in the magnetic/nonmagnetic ML devices electrically 




 with or without magnetic field 
including pulsed D.C. magnetic field with different duty factors.  
 
As can be seen in Fig. 3.4, the temperature and temperature gradient at the bottom 
Cu/Co interface were obviously increased by increasing the magnetic fields and the 
duty factor of the pulsed DC magnetic field, resulting in an increase of Cu atomic flux 
into the bottom Co layer. In addition, it was revealed that the temperature 
(temperature gradient, T ) at the interface of Cu/Co was increased from 335.9K (~6.0 
 106 C/cm) to 352.5K (~9.9  106 C/cm) by increasing the DC magnetic field from 
0 to 600 Oe. Correspondingly, the Cu atomic flux into Co was increased from 7.3  
10
5
 to 7.85 106 m-2s-1, leading to an increase of temperature gradient of ~65 % and 
Cu atomic flux into bottom Co layer of ~10-fold when the DC magnetic field was 
increased from 0 to 600 Oe, as shown in Fig. 3.5(a).  
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FIG. 3.5. Dependence of (a) magnetic field strength, and (b) duty factor on Cu atomic flux into the 
bottom Co layer in the magnetic/nonmagnetic ML devices electrically stressed by a constant D.C. 




 with or without magnetic field including pulsed D.C. magnetic 
field with different duty factors.   
 
Furthermore, at the fixed magnetic field strength of 200 Oe, the Cu atomic flux was 
found to increase from ~7.8  105 to ~1.29 106 m-2s-1 when the duty factor of the 
pulsed DC magnetic field was increased from 0.1 to 0.9 (see Fig. 3.5(b)). These 
results indicate that the additionally increased Joule heating due to the abruptly 
increased local current density induced by Hall effect (Lorenz force) is directly 
responsible for the large increase of the temperature gradient resulting in accelerating 
the driving force for mass transport (or atomic flux) in the magnetic/nonmagnetic ML 
devices.   
 
3.1.3 EM failure analysis using TEM 
In order to experimentally confirm the physical validity of the above theoretical 
model, the failure analysis for the EM tested magnetic/nonmagnetic ML devices was 
carried out using a HR-TEM as shown in Fig. 3.6.  
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FIG. 3.6. HR-TEM images for the magnetic/nonmagnetic ML devices (a) before applying electrical 




 and zero magnetic field 




and a 600 Oe of 
magnetic field (99 % of TTF).    
 
As can be clearly seen in Fig. 3.6(b) and 3.6(c), the magnetic/nonmagnetic ML device 
(99 % of TTF) under only electrical stress showed a typical slit void failure, while the 
Chapter 3 Effects of Magnetic Field on Electromigration Characteristics in GMR Spin Valves 
 76 
ML device (99% of TTF) stressed by both magnetic field and electrical current 
showed completely different failure modality. As indicated in Fig. 3.6(c) (white 
arrow), a few of amorphous regions were found at the Cu/Co interface and underneath 
of the Cu spacer. The underlying mechanisms responsible for the different failure 
characteristics can be interpreted in terms of “current sinking” and Hall effects. In the 
absence of magnetic field, EM-induced Cu spacer diffusion was found to be primarily 
responsible for the formation of voids (or cracks) due to the “current sinking effect”. 
The initial voids formed at the Cu spacer or Cu/Co interfaces would increase the local 
current density and Joule heating, thus leading to a shunting current from Cu spacer to 
the Co/NiFe layers and eventually resulting in the formation of a local slit void. On 
the other hand, in the presence of the magnetic field, the Lorentz force would exert a 
curling motion of electrons, which induces an extra current towards the (+z) direction 
(see Fig. 3.3(b) & Eq. (3.1.14)). This Hall effect-induced additional current would 
become more accelerated when passing through the regions with high density of 
dislocations or defects [5], such as the interface of Cu/Co, thus giving rise to a abrupt 
increase of local Joule heating ,which in turn accelerates the electron-phonon 
scattering [6]. Subsequently, this abruptly increased Joule heating and 
electron-phonon scattering would provide extra activation energy for suddenly melted 
Cu atoms to jump into or even through the adjacent Co layer and then to mingle with 
it. Eventually, after sudden quenching due to electrical open at the local region, 
amorphous phase of a Ni-Cu-Fe mingled with small percent of amorphous Co-Cu 
alloy were formed due to insufficient time for recrystallization [7-8].  
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3.1.4 Summary  
In summary, it was observed that EM-induced failures of magnetic/nonmagnetic 
ML devices were severely accelerated by an externally applied magnetic field. The 
theoretical and experimental analysis results strongly supported the physical evidence 
that Hall effect-induced Lorentz force applied to the perpendicular-to-the-film-plane 
direction is primarily responsible for the severe acceleration of EM failures due to its 
dominant contribution to abruptly increasing local temperature and current density. 
The good agreement between experimental observation and theoretical modeling 
works apparently indicate that the physical nature of EM-induced failures of 
magnetic/nonmagnetic ML or GMR SV spintronics devices is completely different 
from those of typical electronic devices due to the applied magnetic fields for device 
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3.2 EM failure characteristics in GMR SV read sensors under both 
electric and magnetic fields 
In the previous Section 3.1, we have investigated the effects of magnetic field on 
EM failure characteristics in magnetic/ nonmagnetic multilayers. However, the above 
work is limited to interpret the real EM behaviors of GMR SV read sensors under 
retrieving magnetic field from recording media, because the GMR effects during 
sensor operation cannot be considered in the magnetic/nonmagnetic multilayers. 
Therefore, it is scientifically and technically required to investigate EM failure 
characteristics and its physical mechanisms of GMR SV read sensors during 
retrieving operation under different magnetic fields for more accurately analyzing the 
GMR SV read sensor reliability.   
In this section, we present the EM characteristics observed from GMR SV read 
sensors under both electric and magnetic fields during sensor operation. In order to 
explore the underlying physical mechanisms (i.e., GMR or Hall effects) responsible 
for the EM-induced failures in an environment more close to GMR SV read sensor 
operating conditions, the duty factor (r) of the pulsed DC magnetic field (HPDC) was 
varied from 0.2 to 0.8 at the fixed magnetic field of 50Oe (general retrieving field) [9], 
and the HPDC was changed from 50 to 200 Oe at the fixed duty factor of 0.5. A 
theoretical model based on Boltzmann transport equation and Green‟s function 
method was proposed to interpret the EM failure characteristics and experimentally 
verified by measuring MR degradation and observing EM failures using a field 
emission-scanning electron microscopy (FE-SEM). The device fabrication and 
Chapter 3 Effects of Magnetic Field on Electromigration Characteristics in GMR Spin Valves 
 79 
experimental setup can refer to previous Sections 2.1.2 and 2.2.1~2.2.4. In order to 
evaluate the EM failure lifetime of the fabricated GMR SV devices under relatively 
low current densities, the resistance versus time of GMR SV read sensors electrically 




 was measured.  
 







As can be clearly seen in Fig. 3.7, the GMR SV read sensors electrically stressed by a 




 could sustain more than 680 hours (4 
weeks) without failure. By extrapolating from Black‟s equation [10], 
 
                        )e x p (
kT
E
AjMTTF An                      (3.2.1) 
 
where A is a constant, j is the current density, n is the current exponent, EA is the 
activation energy, k is the Boltzmann constant, and T is the temperature, the EM 
failure lifetime (MTTF) of GMR SV read sensors could be expected to maintain more 
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 (for the micro-size 
devices) during operation since the current exponent n for GMR SV thin films lies in 
the range of 1.7~3.3 [11].  
  
3.2.1 Dependence of magnetic field strength and duty factor on EM-induced 
failure lifetime in GMR SV read sensors 
Fig. 3.8 shows the SEM image of fabricated GMR SV read sensors before 
electrical stress. The GMR SV read sensors had an identical geometry of 2μm in 
width and 20μm in length (see Fig. 3.8).   
 
FIG. 3.8. SEM image of GMR SV device before electrical stress 
 
Figure 3.9(a), and (b) show the MTTF dependence of GMR SV read sensors on the 
strength of HPDC, and its duty factor, respectively. The applied D.C. current density 




. As shown in Fig. 3.9(a) 
Chapter 3 Effects of Magnetic Field on Electromigration Characteristics in GMR Spin Valves 
 81 
and (b), the MTTF of GMR SV read sensors were decreased by increasing the HPDC at 
the fixed duty factor of 0.5. In addition, the MTTF had strong dependence on the duty 
factor at the fixed HPDC.  
 
FIG. 3.9. Dependence of Time-to-failure (TTF) on (a) the pulsed DC magnetic field (HPDC) with fixed 
duty factor (r) of 0.5, and (b) the duty factors at the fixed HPDC of 50Oe, in patterned GMR spin-valve 
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By considering the applied magnetic field effects on the EM characteristics, Hall 
effect-induced Lorentz force applied to the perpendicular-to-the- film-plane direction 
(see Section 3.1), which leads to an acceleration of atomic migration, could be 
considered as one of the possible physical reasons responsible for the acceleration of 
EM failures. However, it should be noted that the MTTF was severely reduced in the 
range of 11.4%~18.1% when the HPDC was increased from 0 to 50Oe (r=0.5~0.8, see 
Fig. 3.9(a) and (b)), while it showed only ~3.4% of reduction when the HPDC was 
increased from 50Oe to 100Oe (see Fig. 3.9(a), r=0.5). From these results, it can be 
speculated that another crucial physical mechanism rather than the Hall-effects 
contribute to the acceleration of EM failures at a small retrieving field of 50 Oe.  
 
FIG. 3.10. R-H curve of GMR SV device before electrical stress, dashed lines indicate GMR values at 
the HPDC = 50, 100, and 200Oe. 
 
The GMR effects during sensor operation caused by the applied HPDC can be thought 
to be the physical reason for the acceleration of EM failures, because the change of 
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resistance in the GMR SV read sensors (see Fig. 3.10) responded to the applied HPDC 
leads to an extra temperature rise and fall resulting in the acceleration of mass 
transport as well as abrupt increase of local temperature gradient.    
 
3.2.2 Temperature measurement in GMR SV read sensors   
 
FIG. 3.11(a) and (b) show the electrical resistance (), and temperature () changes in GMR SV thin 
films with geometry of 0.5mm×10mm responded to the applied HPDC of 50Oe with a duty factor of 0.5 
(applied current: 70 mA).   
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In order to verify this physical mechanism, the temperature of GMR SV read 
sensors was measured using a thermocouple during the retrieving operation at a small 
magnetic field of 50Oe with duty factors changing from 0.5 to 0.8, as shown in Fig. 
3.11 and 3.12.  
 
FIG. 3.12(a) and (b) show the electrical resistance (), and temperature () changes in GMR SV thin 
films with geometry of 0.5mm×10mm responded to the applied HPDC of 50Oe with a duty factor of 0.8 
(applied current: 70 mA). 
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Due to the size limitation of the probe tip of thermocouples, the temperature 
measurement was carried out in a sheet film with geometry of 0.5mm×10mm at the 





As can be clearly seen in Figs. 3.11 and 3.12, the device temperature was obviously 
changed according to the duty cycle of the applied HPDC due to the resistance change 
caused by GMR effects. An additional temperature rise of 1.3~1.5
o
C was observed in 
the GMR SV read sensors with a MR ratio of ~3.5% at a small HPDC of 50Oe. As the 
device size is further reduced to micro, sub-micro, or nano-scale range, the 
acceleration of EM caused by GMR effects can be expected to be more severe due to 
the geometrically-induced higher current density. 
Since the temperature measurements were conducted under room temperature 
conditions, the ambient temperature could possibly contribute to the temperature 
variation during the above measurements. In order to investigate the influence of 
ambient (background) temperature on the GMR-induced temperature rise and fall, the 
ambient temperature was measured using a thermocouple as shown in Fig. 3.13. As 
can be clearly seen in Fig. 3.13, the ambient (room) temperature could maintain 
constant although there is certain variation in the range of ~0.1 to 0.3
o
C. These results 
indicate that the temperature variations measured in Fig. 3.11 and Fig. 3.12 was 
caused by the GMR effect-induced resistance change rather than the ambient 
perturbation. The GMR effect-induced temperature variations not only can be 
observed in Fig. 3.11 and Fig. 3.12, but also other measurements, as shown in Fig. 
3.14 and Fig. 3.15.   
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Fig. 3.13. Temperature versus time measurement under room temperature condition. 
 
 
FIG. 3.14. The electrical resistance (), and temperature () changes in GMR SV thin films with 
geometry of 0.5mm×10mm responded to the applied HPDC of 50Oe with a duty factor of 0.5 (applied 
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FIG. 3.15. The electrical resistance (), and temperature () changes in GMR SV thin films with 
geometry of 0.5mm×10mm responded to the applied HPDC of 50Oe with a duty factor of 0.5 (applied 




3.2.3 Theoretical analysis 
     In order to quantitatively understand the contribution of GMR or Hall effects to 
the EM-induced failure lifetime, a theoretical model was proposed based on Green‟s 
function method and Boltzmann transport equation. In general, the EM lifetime 
(MTTF) in microelectronic devices (Al or Cu-based interconnects) is followed by 
Black‟s equation (see Eq. 3.2.1). However, the Joule heating and correspondingly the 
increase of device temperature should be taken into account to interpret EM behavior 
of GMR SV read sensors caused by high operating current density under accelerated 
testing conditions. Thus, the heat conduction equation is needed to be solved, as given 
by Eq. 3.2.2. 
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                  (3.2.2) 
 
where ρ, C, K, T(u, t) and S(u, t) are the density, specific heat, thermal conductivity of 
the substrate, and temperature and heat source at the position of u, and time t, 
respectively. In order to obtain an analytic solution, Fourier-transferred Green‟s 
function method is employed [12-13]. The general Green‟s function to heat 













                  (3.2.3) 
 
where G(u, t | u′, t′) is the appropriate Green‟s function and V′ is the volume of the 
region of interest, which includes the device area and its underlying substrate. 
Physically, Eq. (3.2.3) represents the change in temperature caused by Joule heating 
generated within the region of interest and involves integration over its entire volume.  
 
FIG. 3.16. Schematic diagram of the GMR SV read sensor structure for the heat conduction equation 
(cross section view). The Joule heating (heat source) is modeled as a Gaussian shape.  
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When the heat loss at the surface of GMR SVs becomes negligible due to its small 
surface area and the heat flow is mainly through the substrate as schematically shown 
in Fig. 3.16, the appropriate Green‟s function is given by [15]  
 
                  )','|,()','|,()','|,( tztzGtstsGtutuG zxy                 (3.2.4) 
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     (3.2.6) 
 
Thus, by considering a Gaussian type of heat source, the temperature increment (ΔT) 
in a single layered thin film under current stressing can be obtained by employing 
Green‟s function method, given by [16] 
 

























         (3.2.7) 
 
where μs (μs=Ks/ρsCs) is the thermal diffusivity, ρs the density, Cs specific heat, and Ks 
thermal conductivity of the substrate. j is the applied current density. w, h, and σ are 
the device width, thickness and electrical conductivity, respectively. Γ(t-tp) is a step 
function with a current pulse tp, and α is a adjustable parameter related to the effective 
radius of Gaussian heat source. Since the GMR SV read sensors are made of 
multilayered thin film stacks, Eq. (3.2.7) can be modified as 
 
































































where hi, σi, and ji are the respective thickness, electrical conductivity, and current 
density of each layer in the GMR SVs.. n is the total number of layers, and βi is the 
respective temperature coefficient of resistivity.  
By incorporating GMR effect-induced temperature rise and fall due to the 
change of resistance and the Hall effect-induced extra current density (jz) to the 
perpendicular-to-the-film plane direction (z) obtained from Boltzmann transport 
equation (see Section 3.1), the Black‟s equation for GMR SV read sensors under a 
HPDC can be modified as,  
 



























       (3.2.9) 
 
where jx is the applied current density in the film plane (x) direction, r is the duty 
factor of the applied magnetic field. ΔT0 is the temperature increment under electrical 
stressing, and ΔT1 is temperature increment due to both GMR and Hall effects since 
Joule heating is proportional to the resistivity and the square of current density. The 
device temperatures as a function of applied magnetic field in GMR SV read sensors 
with a geometry of 2μm in width and 20μm in length stressed at a constant current 




is shown in Fig. 3.17.  
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FIG. 3.17. Device temperatures as a function of applied magnetic field in GMR SV read sensors with a 
geometry of 2μm in width and 20μm in length stressed at a constant current density of J = 2.5×107 
A/cm
2
 (inset: R-H curve before electrical stress, dashed lines indicate the GMR values at the HPDC = 25, 
50, 100, and 200 Oe).   
 
It is clearly shown in Fig. 3.17 that the device temperature was suddenly increased 
from 348.7K to 351.5K when the magnetic field was increased from 0 to 50 Oe. This 
temperature difference was revealed to be further enlarged by increasing the field 
strength of the applied magnetic field. Figure 3.18 shows the Comparison of 
temperature increment between theoretical calculation and experimental measurement 
in the GMR SV sheet films with a geometry of 0.5mm×10mm stressed at a constant 
current of 70mA. As can be clearly seen in Fig. 3.18, the calculated temperature 
increment in GMR SVs is comparable with the experiment measurement. The small 
difference in the low time regime between the experimental measurement and 
numerical calculation could be due to the relatively larger device resistance in the low 
time regime than that when it becomes stabilized, as can be clearly seen in Fig. 3.11 
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and Fig. 3.12.  
 
FIG. 3.18. Comparisons of temperature increment between theoretical calculation and experimental 
measurement. The device temperature was measured in the GMR SV sheet films with geometry of 




) and a magnetic field of 50 Oe 
with duty factor of 0.8.     
 
The comparisons between the measured MTTF and the calculated values with a MR 
ratio of 4% (normalized with no magnetic field) are summarized in Table 3.1. For the 
numerical calculations, the activation energy EA was considered to be in the range of 
1.56±0.21eV [17-18], and a current exponent was taken as n=3.1 [11] with a current 
pulse of tp→∞ and an effective Gaussian heat source radius of α=0.5 [16]. It should be 
noted that EA is extracted from grain boundary diffusion since atomic migration 
through bulk (lattice) diffusion is energetically unfavorable due to its relatively larger 





/s, Cs=710 J/kg/K, Ks=130 W/mK, and ρs=2297 kg/m
3
 [19]. Other 
intrinsic parameters of materials can be found in Section 4.2. As is clearly shown in 
Table 3.1, the experimental data show qualitatively the same result despite the small 
Chapter 3 Effects of Magnetic Field on Electromigration Characteristics in GMR Spin Valves 
 93 
difference between the experimental measurement and theoretical calculations. This 
small difference could be due to the MR degradation during the EM test, as 
experimentally observed in Fig. 3.19.   
 
In order to further clarify the physical contributions of GMR effects and Hall effects 
to the EM failure lifetime, a simplified numerical calculation was made by 
considering the MTTF difference between that under only GMR effects, only Hall 
effects, or no magnetic field. The EM accelerated MTTF under GMR effects, Hall 
effects, and no magnetic field in GMR SVs is denoted by MTTFG, MTTFH, and 
MTTFn, respectively. Thus, the relative MTTF difference between that under no 
magnetic field and GMR effects becomes ξG = (MTTFn–MTTFG)/MTTFn. Similarly, 
The MTTF difference between that under no magnetic field and Hall effects becomes 
ξH = (MTTFn–MTTFH)/ MTTFn. The contribution of GMR effects to EM accelerated 
MTTF is defined as χ=ξG/(ξG +ξH). Based on Eq. (3.2.9), it was revealed that the 
contribution of GMR effects to MTTF (χ) showed a ~97.63%, ~89.34%, and ~61.93% 




 and a HPDC of 50 Oe, 100 
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Oe, and 200 Oe, respectively. These results indicate that the observed EM 
acceleration of GMR SV read sensors under a small retrieving field (~50 Oe) is 
dominantly attributed to GMR effects during sensor retrieving operation. Note that the 
uncertainties of our calculated quantities (the normalized MTTF and contribution of 
GMR to MTTF) are small (see Table 3.1) even though we introduced a large 
uncertainty value of EA ~1.56±0.21eV. This is because the calculated MTTFs are 
normalized with that under no magnetic field since the relative MTTF could still 
provide valuable information to study the effects of HPDC on EM. This normalized 








A , which makes it less sensitive to the 
choice of activation energy EA.       
The experimentally observed EM-induced GMR degradation and failures in GMR 
SV read sensors are presented in the following Sections 3.2.4 and 3.2.5.   
 
3.2.4 Effects of magnetic field on the magnetic properties of GMR SV read 
sensors 
     Figure 3.19(a), and (b) show the MR behavior and the magnetic properties of 




under HPDC of 
50Oe (r=0.5), and no magnetic field, respectively. Among these magnetic properties 
of GMR SVs, the interlayer coupling field (Hinter) determines the bias point of the read 
sensor and is mainly originated from exchange RKKY coupling and magnetostatic 
(Néel or orange-peel) coupling; the coercivity (Hc) describes the ability of the free 
layer to resist the demagnetizing effect of an external field; and the exchange bias 
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field (Hex) represents the shift in the magnetization curve of pinned layer due to the 
interfacial exchange interactions between the antiferromagnetic (AFM) layer and 
pinned layer. 
 





. (a) Applied HPDC of 50Oe (duty factor: 0.5), and (b) no magnetic field. (Hinter: 
interlayer coupling field, Hc: coercivity, and Hex: exchange bias field).   
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As can be clearly seen in Fig. 3.19, the electrically stressed GMR read sensors 
showed a relatively small reduction in MR and exchange bias (21.6% and 11.1% at a 
50% MTTF), while the read sensors stressed at both electric and magnetic fields, the 
MR and exchange bias were found to be dramatically reduced (85.3% and 100% at a 
50% of MTTF). This acceleration of magnetic degradation could be mainly attributed 
to the extra temperature rise and fall induced by GMR effects due to the change of 
resistance. In particular, a dramatic change of interlayer coupling field (Hinter) from 
9.7Oe to 132.4Oe provides evidence that MR degradation could be initiated at the Cu 
spacer region due to the “current sinking effect”, which gives rise to a abruptly 
increased local current density and Cu atomic migration, resulting in sudden increase 
of Joule heating and subsequently an acceleration of Mn interdiffusion. Eventually, 
this leads to a complete deterioration of exchange bias in the GMR SV read sensors 
(see Fig. 3.19(a)).  
 
3.2.5 EM failure analysis using SEM 





and a HPDC of 50Oe with a duty factor of 0.5 were further analyzed 
using a FE-SEM as shown in Fig. 3.20. Typical EM-induced voids (or cracks) were 
found on the cathode side of the GMR SV read sensor (as indicated in white arrow) 
due to electron wind force. The induced cracks tend to propagate along the test stripe 
vertically or longitudinally and eventually lead to a complete open circuit. On the 
other side, hillocks were also clearly observed (see Fig. 3.20(b)).  
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and HPDC of 50Oe with a duty factor of 0.5. (a) Plan view, and (b) three dimension 
(3D) view.  
 
The failures commonly found in the transition regions were due to the different 
geometry and current density between the electrode and spin valves. The 
geometry-induced mass transport caused by atomic flux divergence could lead to 
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materials depleted in the cathode region, transported through the spin valves, and 
piled up in the anode area due to electron wind force as observed from voids (cracks) 
and hillocks formation in Fig. 3.20. During the formation of void and crack 
propagation, the failure (voids, cracks)-induced current crowding effect due to the 
reduced cross section area would increase the local current density, thus giving rise to 
a abrupt increase in local Joule heating. Subsequently, this abruptly increased Joule 
heating would provide extra activation energy for the melted Mn or Cu atoms to jump 
into and intermix with adjacent magnetic layers leading to an undesired deterioration 
of exchange bias and correspondingly the GMR degradation. Therefore, the electrical 
failures (i.e., voids) induced by EM can be found not only in the spin valves but also 
at the interfaces due to the geometry and current density differences between 
electrode and spin valves. The electrical failure-induced abruptly increased Joule 
heating and correspondingly accelerated atomic inter-diffusion in GMR spin valves is 
the main physical reason responsible for the magnetic degradation.      
 
3.2.6 Summary  
In conclusion, EM characteristics and its underlying physical mechanisms of 
GMR SV read sensors during retrieving operation have been experimentally and 
theoretically investigated. It was observed that a small retrieving field (50 Oe) 
severely accelerated EM-induced failures. According to the experimentally and 
theoretically analyzed results, the GMR effect, which causes the temperature rise and 
fall due to the change of resistance, was dominantly responsible for the accelerated 
EM-induced failures.   
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3.3 Effects of Media Stray Field on EM Characteristics in GMR SV 
read sensors 
In the previous Section 3.2, the effects of applied magnetic field on EM failure 
characteristics of GMR SV read sensors were experimentally and theoretically 
analyzed. However, when the read sensors are sensing the media stray field (magnetic 
stray field retrieved from recording media), how the critical physical parameters of 
the recording media, such as the pulse width of media stray field and the bit length, 
which are directly relevant to the transition width and areal density of the media, 
would affect the EM lifetime of GMR SV read sensors during sensor operation still 
remains unclear.   
 Therefore, in this section, the effects of media stray field from both longitudinal 
and perpendicular media on the EM-induced failure characteristics have been 
theoretically and numerically analyzed to evaluate the electrical and magnetic stability 
of the GMR SV read sensors under retrieving operation. The GMR SV read sensors 
were considered in a CPP configuration due to its potential to provide much lower 
sensor impedance (<0.1Ωμm2), which offers great opportunities to reduce noise and 
improve the high-frequency characteristics as previously reviewed in Section 1.1.2. 
The magnetic pulse width of media stray field (PW50), the bit length (B) and the head 
moving velocity (v), which are the dominant parameters in magnetic recording media 
(see Fig. 3.21), were considered as the main physical parameters in characterizing the 
EM failure induced mean-time-to-failure (MTTF) of the GMR SV read sensors. 
Furthermore, in order to investigate the effects of irregular distribution of recorded 
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bits in the recording media on the EM-induced failure characteristics, the different 
types of randomly distributed bit patterns were considered in numerically exploring 
the MTTF of GMR SV read sensors.     
 
FIG. 3.21. A schematic illustration of magnetic stray field retrieved from (a) longitudinal recording 
media, and (b) perpendicular recording media and the magnetic recording process (PW50: pulse width 
of media stray field; a: transition width; B: bit length; v: head moving velocity).  
  
3.3.1 Physical Model  
   The CPP GMR SV read sensor considered in this study was consisted of bottom 
shield (electrode)/Ta (2.7)/Ni80Fe20 (3.6)/Co80Fe20 (0.9)/Cu (2.7)/Co80Fe20 (3.6)/Ru 
(0.9)/Co80Fe20 (3.6)/Ir20Mn80 (14.4)/Ta (4.5) (all in nm)/top shield (electrode) as 
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schematically shown in Fig. 3.21. The dimension of magnetic shields (Permalloy) was 
2×2 μm2 with thickness of 2μm and the geometry of the CPP GMR SV nanopillar 
encapsulated by Al2O3 was 20nm in radius. In order to analyze the time response of 
temperature rise and fall (thermal cycling) in the CPP GMR SV read sensors during 
sensor operation at the constant current density, the three-dimensional heat conduction 
equation, given by Eq. (3.3.1), was first solved.  
 







                    (3.3.1) 
 
where ρ, C, K, T(u, t) and S(u, t) are the density, specific heat, thermal conductivity of 
the electrode (magnetic shield), and temperature and heat source at the position of u, 
and time t, respectively. The solution of Eq. (3.3.1) can be obtained by various 
methods, such as finite-difference, finite-element [20], and Green‟s function method 
[11].
 The general Green‟s function to heat conduction equation has a form [14] 
 









                (3.3.2) 
 
where G(u, t | u′, t′) is the appropriate Green‟s function and V′ is the volume of the 
region of interest, which includes the CPP nanopillar and its underlying substrate 
region. Physically, Eq. (3.3.2) represents the change in temperature caused by Joule 
heating generated within the region of interest and involves integration over its entire 
volume. By taking the approximation of a Gaussian heat source inside the CPP 
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nanopillar, the temperature increment (ΔT) at the center of the nanopillar under a 
current pulse tp can be expressed as [21] 
 



































     (3.3.3) 
 
where μs (μs=K/ρC) is the thermal diffusivity of the electrode (magnetic shield), Γ(t-tp) 
is a step function, α is a adjustable parameter related to the effective radius of 
Gaussian heat source, j is the current density, and r0, and d is the radius, and length of 
the CPP nanopillar, respectively. Since the CPP GMR SV read sensors are made of 
multilayered thin films, the effective electrical and thermal conductivity of the CPP 
GMR SVs is given by Eq. (3.3.4), and Eq. (3.3.5), respectively.  
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                                (3.3.5) 
 
where di, βi, σi, and Ki is the respective thickness, temperature coefficient of resistivity, 
electrical, and thermal conductivity for each layer in the CPP GMR SV read sensors. 
When the magnetizations of free layer and pinned layers are oriented 90
o
 from each 
other, which is the actual configuration when the read sensor is under operation by the 
media flux [22], the GMR effect (MR ratio: χ) should be taken into consideration and 
the effective electrical and thermal conductivity becomes σeff /(1+χ), and Keff /(1+χ), 
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respectively. Hence, under a constant current stressing (tp → ) the time response of 
temperature rise and fall (thermal cycling) of the CPP GMR SV read sensors during 
sensor operation becomes a short transient process with a transient time on the order 
of thermal time constant (τ). Since the thermal conductivity of the CPP GMR SV 
nanopillars is much larger than that of the gap insulator [23], the thermal time could 
be mainly determined by the gap insulator, given by [24]   
 
                         inind  /
2
                              (3.3.6) 
 
where din, and μin are the thickness, and thermal diffusivity of the gap insulator, 
respectively. Figure 3.22 shows the 3D vector plot of heat flux in CPP GMR SV read 
sensors obtained from finite element method (FEM).  
 
             (a)                                    (b) 
FIG. 3.22. Three dimensional (3D) vector plot of heat flux (a) with magnetic shields, and (b) magnetic 






As can be clearly seen in Fig. 3.22, the Joule heating produced in the GMR SV 
nanopillar tends to dissipate up and down into magnetic shields. Furthermore, the total 
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 times larger than that passing through the nanopillar since 
heat flux, by definition, is the heat flow per unit time per unit cross-sectional area. 
These results indicate that the total heat flow through the gap insulator would become 
a more dominant pathway for heat dissipation due to the ultra-small geometry of 
GMR SV nanopillar (20nm in radius) compared to that of magnetic shields and gap 
insulator (2×2 μm2). By considering the thermal time constant, the temperature rise of 
the CPP GMR SV read sensors during magnetic on-state of longitudinal media 
describing that the read sensor is operated by the magnetic flux retrieved from the 
media transitions (“on-duty” magnetic pulse in pulsed DC magnetic field), can be 
written by 
 
                 )1)(()( /minmin
t
dcon eTTTtT
                      (3.3.7) 
 
where Tdc is the temperature under DC magnetic field (duty factor is 1 in pulsed DC 
magnetic field) and Tmin is the minimum temperature in the magnetic on-state. On the 
other hand, the temperature fall of CPP GMR SV read sensors during magnetic 
off-state of longitudinal media describing that there is no magnetic stray field 
generated from the recording media (“off-duty” magnetic pulse in pulsed DC 
magnetic field), will be: 
 
                 /)/PW(max 50)()(
vt
nnoff eTTTtT
                  (3.3.8) 
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where Tn is the temperature under no magnetic field, Tmax is the maximum 
temperature in the magnetic off-state, PW50 is the pulse width of media stray field, 
which is defined as pulse width at half of its peak amplitude, and v is the relative 
velocity between head (merged head) and recording media (see Fig. 3.21). The 
average temperature of CPP GMR SV read sensors during repetitive (m=0, 1, 2…) 
magnetic on and off-states can be calculated based on Eq. (3.3.9), and Eq. (3.3.10), 
respectively.  
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  ...2,1,0m               (3.3.10) 
 
where ton is defined as the time in the magnetic on-state, given by ton = PW50/v and toff 
is defined as the time in the magnetic off-state, given by toff = ((n+1)B-PW50)/v. Here, 
B is the bit length and n is the number of consecutive „0‟ bits in the recording media 
(see Fig. 3.21). Due to this difference in the average temperature, the 
thermally-activated diffusivity in the magnetic on-state (Don) and off-state (Doff) can 
be expressed by,  
 
                   )/e x p (0 onavon kTQDD                         (3.3.11) 
                   )/e x p (0 o f f a vo f f kTQDD                         (3.3.12) 
Therefore, 
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DD                      (3.3.13) 
 
where k is the Boltzmann constant, D0 is the diffusion constant, and Q is the 
activation energy. Hence, the mean-time-to-failure (MTTF) of the CPP GMR SV read 
sensors under repetitive magnetic on and off-states (denoted by MTTFpdc) is longer 
than that under cumulative DC magnetic field (denoted by MTTFdc) at the same 
current stressing conditions due to the reduced temperature and thermally-activated 
diffusivity. The thermal cycling (temperature rise and fall) in the magnetic on and 
off-state caused by the GMR effect would lead to an 1/(ton/(ton+toff))
2
 dependence of 
MTTFpdc/MTTFdc due to the proportionally reduced on-state time and the back-flow 
diffusion (healing effect) during the magnetic off-state [24-27]. However, since the 
temperature during magnetic on-state is higher than that of magnetic off-state, the 
back-flow diffusion (diffusivity) is needed to adjust to be smaller and thus the ratio of 
failure time (MTTFpdc/MTTFdc) could be modified as, 
 


























       (3.3.14) 
 
In addition, the average temperature during magnetic on-state (Tonav) could be lower 
than that under DC conditions (Tdc), especially at a short time of magnetic on-state, 
thus leading to a lower thermally-activated diffusivity and correspondingly longer 
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MTTF. Therefore, by considering this temperature difference, the relationship 
between MTTFpdc and MTTFdc is derived to be:  


































































  (3.3.15) 
 
It should be noted that the above analysis from Eq. (3.3.7) to Eq. (3.3.15) is based on 
the longitudinal media. As the state-of-the-art media technology is transferring from 
longitudinal to perpendicular media, it is of practical and academic importance to 
study the effects of media stray field from perpendicular media on EM characteristics 
of CPP GMR SV read sensors. As schematically shown in Fig. 3.21(a) and (b), 
different from the longitudinal media, the maximum stray field in perpendicular 
recording media is located in the neighborhood of bit transitions and the signal is read 
from across the whole bit area. In order to investigate the effects of media stray field 
on the EM characteristics in an environment more close to GMR SV read sensor 
operating conditions, the change of resistance in GMR SVs due to GMR effect is 
expressed as ΔR/R=(ΔR/R)0[(1+sin(ΔθF))/2], where ΔθF is the angle rotation of the 
free layer caused by the media stray field. In this case, bit „1‟, and bit „0‟ represents 
high resistance state, and low resistance state, respectively. Therefore, Eq. (3.3.7) and 
(3.3.8) should be rewritten as:  
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where, T1(t), and T0(t) are the temperature rise, and fall of CPP GMR SV read sensors 
reading bit „1‟, and „0‟ in the perpendicular media, respectively. Accordingly, the 
average temperature of CPP GMR SV read sensors reading bit „1‟ (T1av) and „0‟ (T0av) 
becomes 
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where, t1 is defined as the time of reading bit „1‟ in the perpendicular media, given by 
(n1B-a)/v (n1 is the number of consecutive bit „1‟, B is the bit length and v is relative 
velocity between head and media), and t0 is defined as the time of reading bit „0‟ in 
the perpendicular media, given by (n0B-a)/v (n0 is the number of consecutive bit „0‟). 
By considering the media stray field from the perpendicular media, Eq. (3.3.15) can 
be modified as    











































































                                         
(3.3.20) 
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3.3.2 Effects of current density on device temperature without considering the 
media stray field  
     Figure 3.23 shows the comparison of saturation/maximum temperature (tp → ) 
obtained from Eq. (3.3.3) at the center of CPP GMR SV nanopillar as a function of 
operating current density with finite element method (FEM) calculation results. The 









.   
 
FIG. 3.23. Comparison of Saturation/Maximum temperature inside CPP GMR SV nanopillars (radius: 
20nm) obtained from Eq. (3.3.3) with finite element method (FEM) results as a function of current 










Here, we considered the CPP GMR SV structure has r0=20nm, d=36.9nm, and the 




/s [23]. Other 
electrical and thermal parameters of the thin films can be found in Section 4.2. The 
reduced electrical and thermal conductivity of the thin films used for Eq. 
(3.3.3)-(3.3.5) and FEM, compared to bulk values, is thought to be attributed to 
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electron-boundary scattering and altered microstructure of the thin films [28]. As can 
be clearly seen in Fig. 3.23, a proper value of α=0.77 in Eq. (3.3.3), which is related to 
the Gaussian radius (αr0) of the heat source inside the CPP GMR SV nanopillar was 









. Furthermore, it was revealed that the device 
temperature was dramatically increased from ~301.4K to ~524.5K when the operating 








. These results 





) would be one of the dominant physical factors responsible 
for the electrical and magnetic instability of the CPP GMR SV read sensors.  
In addition to the current stressing effects, when the CPP GMR SV read sensor is 
operated by magnetic flux retrieved from the recording media during reading process 
(typically ~50Oe, which is sufficient to rotate the magnetization of the free layer) [9], 
the MTTF of the read sensors would expect to be influenced by recording media 
parameters such as magnetic pulse width of media stray field (PW50), transition width 
(a), bit length (B), head moving velocity (v) and bit distribution pattern (n), because 
the additional thermal cycling (temperature rise and fall) induced by resistance change 
due to GMR effects (see Eq. (3.3.9), (3.3.10) and (3.3.15) in the longitudinal media 
and Eq. (3.3.18), (3.3.19) and (3.3.20) in the perpendicular media) is closely related to 
the recorded information in the magnetic recording media. Therefore, in the following 
sections (Sections 3.3.3 and 3.3.4), the effects of magnetic pulse width of media stray 
field (transition width), bit length, head moving velocity, and bit pattern on MTTF 
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characteristics of CPP GMR SV read sensors under electrical stressing will be 
numerically analyzed by considering two types of recording media: Section 3.3.3: 
Longitudinal media, and Section 3.3.4: Perpendicular media.   
 
3.3.3 Effects of media stray field from longitudinal media on the MTTF of GMR 
SV read sensors  
    In this section, the effects of pulse width of media stray field, bit length & head 
moving velocity, and bit pattern on the MTTF of CPP GMR SV read sensors by 
considering the longitudinal media are presented in the subsequent sections 3.3.3.1, 
3.3.3.2, and 3.3.3.3, respectively.    
 
3.3.3.1 Effects of pulse width of media stray field on the MTTF of GMR SV read 
sensors 
     The magnetic pulse width of media stray field, which is directly relevant to the 
media transition width and head to media spacing, is a crucial physical parameter in 
evaluating the scaling down status of bit size in the magnetic recording media. In 
order to study the effects of stray field pulse width on EM characteristics of CPP 
GMR SV read sensors, the MTTF was calculated based on Eq. (3.3.15) by varying the 
stray field pulse widths (PW50=10~100nm), as shown in Fig. 3.24. The relative 
velocity between head and media was fixed at v=3600RPM (13.2m/s for a 35mm disk) 
[29] and the bit length was kept constant at B=100nm with a regular bit pattern (n=0). 
For the numerical calculations, the thickness of gap insulator was the same as the CPP 
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GMR SV nanopillar (din=36.9nm), the thermal diffusivity of the gap insulator was 




/s [23], the activation energy was taken as 
~1.29eV (half of the bulk value) [30],
  a MR ratio (χ) of 5%, and a constant current 




 were considered for the accelerated conditions.   
 
FIG. 3.24. Dependence of MTTF of CPP GMR SV read sensors on the pulse width (PW50) of media 
stray field at the fixed bit length of B=100nm and head moving velocity of v=3600RPM in the 
longitudinal media.    
  
As shown in Fig. 3.24, the MTTF (normalized with MTTFdc) of CPP GMR SV read 
sensors was dramatically increased by reducing the stray field pulse width. In addition, 
it was revealed that the MTTF could be improved by a factor of ~7.7 when the stray 
field pulse width was reduced down from 50nm to 10nm. In order to understand the 
physical reasons for the improved MTTF, the thermal cycling (temperature rise and 
fall) caused by the change of resistance due to GMR effect at the fixed head moving 
velocity v=3600RPM (13.2m/s) and bit length B=100nm, but different stray field 
pulse widths of PW50=20, 50, 80nm was investigated. As can be clearly seen in Fig. 
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3.25, at the constant moving velocity of the read head, when the magnetic pulse width 
of media stray field is small (sharp media transition), the temperature could not raise 
up to a level comparable to that with a larger stray field pulse width due to the 
insufficient time for the temperature rise.  
 
FIG. 3.25. Temperature vs. time of CPP GMR SV read sensors under media stray fluxes with different 
pulse widths of stray field (PW50=20, 50, and 80nm) at the fixed bit length of B=100nm and head 





; MR ratio: 5%).  
  
Therefore, this suppressed temperature rise along with the shorter excitation time 
(magnetic on-state time) could be mainly responsible for the improved MTTF of the 
CPP GMR SV read sensors caused by the reduction of the stray field pulse widths. In 
order to improve the MTTF of the CPP GMR SV read sensors and correspondingly to 
reduce the pulse width of media stray field, several approaches can be considered, 
such as decreasing the remanent magnetization, media thickness or increasing the 
coercivity to sharpen the media transitions since the media transition width is 
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proportional to the remanent magnetization, media thickness but inversely 
proportional to the coercivity. Another method enabling to reduce the mean grain size 
and the grain size distribution of recording media would expect to minimize the 
transition jitter resulting in a relatively sharp media transition and correspondingly 
increase the MTTF of the CPP GMR SV read sensors.   
 
3.3.3.2 Effects of bit length and head moving velocity on the MTTF of GMR SV 
read sensors 
     To meet the ever increasing demand for the higher magnetic recording density, 
the bit length (B) is being continuously scaled down and correspondingly the head 
moving velocity (v) is being increased so as to enhance the data transfer rate.  
 
FIG. 3.26. Dependence of MTTF of CPP GMR SV read sensors on the bit length (B) and head moving 
velocity (v) at the bit length varied in the range from 10nm to 5000nm in the longitudinal media. 
 
Accordingly, the bit length and head moving velocity are expected to exert significant 
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effects on the MTTF behavior of CPP GMR SV read sensors at a higher magnetic 
recording density. As shown in Fig. 3.26, at the fixed head moving velocity 
(v=3600RPM) and a constant ratio of stray field pulse width to the bit length 
(PW50/B=0.2), it was interestingly found that the MTTF of CPP GMR SV read 
sensors was increased by reducing the bit length and tended to be saturated at a bit 
length (B) of ~10nm, which corresponds to an areal density of ~1Tbit/in
2
. The MTTF 
could be ~2.4 times longer when the bit length was scaled down from 500nm to 10nm 
at the fixed head moving velocity of v=3600RPM.  
 
FIG. 3.27. Temperature vs. time of CPP GMR SV read sensors under media stray fluxes at the fixed 
head moving velocity v=3600RPM but different bit length of B=10, 100, 500nm in the longitudinal 
media.  
 
Furthermore, at the fixed bit length, a faster head moving velocity was found to 
improve the MTTF to a relatively higher value. In order to elucidate these unexpected 
trends, the temperature versus time profiles (thermal cycling) at the constant head 
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moving velocity (v=3600RPM) but different bit length (B=10, 100, 500nm) as well as 
at the fixed bit length (B=200nm) but different head moving velocity (v=3600, 
7200RPM) are shown in Fig. 3.27, and Fig. 3.28, respectively.  
 
FIG. 3.28. Temperature vs. time of CPP GMR SV read sensors under media stray fluxes at the fixed bit 
length B=200nm but different head moving velocity of v=3600, 7200RPM in the longitudinal media.   
 
Two crucial and interesting characteristics can be observed in Fig. 3.27: 1) the 
temperature rise in CPP GMR SV read sensors was significantly suppressed by 
reducing the bit length, and 2) the difference in the average temperature of CPP GMR 
SV read sensors for the magnetic on-state (Tonav) and off-state (Toffav) was 
dramatically decreased by reducing the bit length. A similar characteristic can also be 
seen in Fig. 3.28. When the read head is moving at a higher velocity of 7200RPM, the 
maximum temperature of CPP GMR SV read sensors could not reach as high as that 
at a relatively low velocity of 3600RPM due to the insufficient time for the 
temperature rise (see Fig. 3.28). Therefore, the dependence of MTTF on the bit length 
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and head moving velocity could be thought to be mainly attributed to the following 
two physical reasons. The first one is that when the magnetic on-state time is short, 
the temperature rise during this state is insufficient for generating thermal or joule 
heating, thus giving rise to a relatively low average temperature (Tonav). This 
eventually leads to a reduced thermally-activated diffusion, which directly results in a 
longer MTTF. Secondly, from the “healing effects” viewpoints [24-25], the 
temperature falling at the magnetic off-state is not severe for the case of smaller bit 
length and faster head moving velocity. This is expected to cause back flow of 
diffused atoms in the read sensors that result in a longer MTTF.  
 
3.3.3.3 Effects of bit pattern on the MTTF of CPP GMR SV read sensors 
     Except for the stray field pulse width, the bit length, and the head moving 
velocity, the recorded bit pattern, which is closely related to the stored information in 
the recording media, commonly has an irregular rather than regular sequence. This 
irregular bit pattern is also revealed to be closely related to determining the MTTF of 
CPP GMR SV read sensors. For the irregular case, as schematically illustrated in the 
inset of Fig. 3.29, the number (n) of consecutive „0‟ bits is varied and correspondingly 
the time duration for the individual magnetic on and off-state is changed depending 
on the bit information,. Therefore, the individual magnetic on and off-state should be 
considered separately, and then averaged. The average temperature during the ith 
(i=1,2,…m) magnetic on and off-state can be expressed as   
 
















                               


















             (3.3.21) 
 
where ton, i is the ith magnetic on-state time (ton, i = PW50/v) and toff, i is the ith 
magnetic off-state time (toff, i = ((ni+1)B- PW50)/v) of magnetic pulses. By taking the 
average, the average temperature for the entire magnetic on and off-states would 
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where m is the total number of magnetic on and off-states. Substituting Eq. (3.3.21) 
















, the MTTF of CPP GMR SVs for the irregular bit pattern can be readily 
calculated based on Eq. (3.3.15).  
Figure 3.29 shows the relative MTTF of CPP GMR SV read sensors for the three 
types of randomly distributed bit patterns A, B and C (see the inset of Fig. 3.29). 
Compared to the bit pattern A, bit pattern B contains more number (n) of consecutive 
„0‟ bits, and similarly bit pattern C has even more number of consecutive „0‟ bits than 
bit pattern B. As can seen in Fig. 3.29, at the fixed stray field pulse width of 
PW50=20nm, bit length of B=50nm and a constant head moving velocity of 
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v=3600RPM, when the number of consecutive „0‟ bits increases, the MTTF of CPP 
GMR SV read sensors was found to be increased by a factor of 1.8 for the bit pattern 
C compared to bit pattern A (see Fig. 3.29). 
 
FIG. 3.29. Dependence of MTTF on the bit pattern (inset: the respective bit pattern A, B, and C) in the 
longitudinal media. 
 
This longer MTTF could be attributed to less thermal cycling (temperature rise and 
fall), because more number of consecutive „0‟ bits reduce media transition (media flux) 
in the recording media (see Fig. 3.21) and correspondingly no resistance change 
caused by GMR effect.    
 
3.3.4 Effects of media stray field from perpendicular media on the MTTF of 
GMR SV read sensors  
In the previous Section 3.3.3, the media stray field considered was generated from 
longitudinal media. It is also of particular interest to study the EM behavior of CPP 
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GMR SV read sensors with perpendicular media due to its higher thermal stability.  
 
FIG. 3.30. Temperature versus time under media stray field pulses from perpendicular media with 
different transition widths (a=20, 50, and 80nm) and the fixed head moving velocity v=3600RPM 
(13.2m/s) and bit length B=100 nm. 
 
Figure 3.30 shows the temperature versus time profiles with a regular bit pattern 
of „10101010…‟ in the perpendicular media at the constant head moving velocity 
v=3600RPM and bit length B=100nm but different transition widths (a=20, 50, and 
80nm). As can be clearly seen in Fig. 3.30, when the transition width is larger at the 
constant head moving velocity, the device temperature of CPP GMR SV read sensors 
due to GMR effects caused by media stray field (bit „1‟ regions (high resistance state)) 
is revealed to be smaller than those with narrower transition widths due to the 
insufficient time for the temperature rise. Correspondingly, the MTTF of CPP GMR 
SV read sensors was found to be decreased by reducing the transition width of 
perpendicular media as shown in Fig. 3.31.  
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FIG. 3.31. Dependence of MTTF of CPP GMR SV read sensors on the transition width of 
perpendicular media at the fixed bit length of B=100nm and head moving velocity of v=3600RPM.  
 
This trend (temperature versus time profile as well as normalized MTTF as a function 
of transition width) is different from that of longitudinal media. The main reason for 
this difference is that the media flux in the longitudinal media is come from the 
transition region, while the media flux in the perpendicular media is generated from 
the bit area in stead of the bit transition. In order to investigate the effects of bit length 
and head moving velocity on the EM behavior of CPP GMR SV read sensor under 
retrieving operating with perpendicular media, the temperature versus time profiles of 
the read sensors at the constant head moving velocity (v=3600RPM) but different bit 
length (B=10, 100, 500nm) as well as at the fixed bit length (B=200nm) but different 
head moving velocity (v=3600, 7200RPM) were numerically studied and the results 
are shown in Fig. 3.32, and Fig. 3.33, respectively.  
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FIG. 3.32. Temperature vs. time of CPP GMR SV read sensors under media stray fluxes of 




FIG. 3.33. Temperature vs. time of CPP GMR SV read sensors under media stray fluxes of 
perpendicular media at the fixed bit length B=200nm but different head moving velocity of v=3600, 
7200RPM.  
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 As can be clearly seen in Fig. 3.32 and Fig. 3.33, the temperature rise in CPP GMR 
SV read sensors was significantly suppressed by reducing the bit length as well as by 
increasing the head moving velocity in the perpendicular media. These lead to a 
reduced thermally-activated diffusion in the CPP GMR SV read sensors directly 
resulting in a longer MTTF as shown in Fig. 3.34.  
 
FIG. 3.34. Dependence of MTTF of CPP GMR SV read sensors on the bit length (B) and head moving 
velocity (v) of perpendicular media at the bit length varied in the range from 10nm to 5000nm.  
 
This trend is similar to that of longitudinal media as depicted in Section 3.3.3.2. 
Furthermore, it can be speculated from these analytical and numerical results that 
when the temperature rise becomes more insufficient with more number of 
consecutive „0‟ bits (low resistance states) in the perpendicular media, the MTTF of 
CPP GMR SV read sensors can be effectively improved during sensor retrieving 
operation.     
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3.3.5 Summary  
     The effects of media stray field from both longitudinal and perpendicular 
recording media (i.e., the stray field pulse width, the bit length, the head moving 
velocity and the bit pattern) on EM characteristics in CPP GMR SV read sensors have 
been numerically studied. It was demonstrated that the MTTF of CPP GMR SV read 
sensors is strongly affected by the physical parameters of the recording media. 
Depending on the different types of recording media, in the longitudinal media a 
shorter stray field pulse width (sharper transition width) gives rise to a longer MTTF; 
while in the perpendicular media a sharper media transition leads to a shorter MTTF 
due to the media fluxes generated from different regions (longitudinal media: 
transition region; perpendicular media: bit area). In addition, it was revealed that the 
MTTF of CPP GMR read sensors could be improved by scaling down the bit length as 
well as by increasing the head moving velocity in both longitudinal and perpendicular 
media. Furthermore, it was interestingly confirmed that the number of consecutive „0‟ 
bits (or recorded bit patterns) apparently influence on the MTTF of the CPP GMR SV 
read sensors. The strong relationship between MTTFs of CPP GMR SV read sensors 
and media stray field is thought to be mainly attributed to thermal cycling 
(temperature rise and fall) caused by the resistance change of CPP GMR SV read 
sensors due to GMR effect during sensor retrieving operation.  
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CHAPTER 4 ELECTROMIGRATION AND THERMO- 
MIGRATION BEHAVIOR IN GMR SV READ SENSORS 
As previously reviewed in Chapter 1, the metallic current-perpendicular-to-the 
plane (CPP) GMR SV read sensors is expected to replace the current-in-plane (CIP) 
GMR SV or MTJ based read sensors in the near future due to its narrow shield to 
shield gap, low resistance area product (<0.1 Ωµm2) along with the reduced noise 
level (i.e., shot noise) and improved high frequency performance. However, such low 
RA values as well as the nano-size geometry of CPP GMR SV read sensors for 
achieving a high SNR (Signal-to-Noise Ratio) substantially induce extremely high 




) in the GMR SV nanopillars. Correspondingly, this 
leads to a sudden increase of Joule heating and the acceleration of thermal 
stress-induced mass transport along the grain boundaries in the GMR SV multi-layers. 
Therefore, thermomigration (TM), which is defined as atomic migration due to 
temperature gradient, or thermally-induced stress gradient, and the TM-induced 
device degradation become more critical in evaluating the sensing performance of 
CPP GMR SV read sensors. In the following Section 4.1, the physical mechanisms of 
TM-induced magnetic degradation in CPP GMR SV read sensors will be presented. In 
order to further investigate and compare which failure mechanism, EM or TM is 
dominant in CIP and CPP GMR SV read sensors, a simplified numerical analysis by 
considering the energy change driven by EM or TM in an atomic jump distance is 
elaborated in Section 4.2. This numerical failure analysis is extended to the 
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current-confined-paths (CCP)-CPP GMR SV read sensors, which utilize well-defined 
conducting channels within the spacer layer, as presented in Section 4.3.  
 
4.1 Thermomigration-induced Magnetic Degradation Mechanisms in 
CPP GMR SV Read Sensors  
In this section, we present the numerically analyzed physical mechanism of 
thermomigration (TM)-induced magnetic degradation occurred in the CPP Ir20Mn80 





). The thermally-induced mass transport due to a sudden increase of 
Joule heating and the thermal stress (or thermal stress gradient) caused by the 
temperature gradient at the interfaces in the EBGMR SVs were mainly considered in 
analyzing the TM-induced failures. In order to study the contribution of Joule heating 








 and the geometry of EBGMR SV read sensor was changed 
from 60×60 nm
2
 to 140×140 nm
2
. The magnetic degradation due to the TM-induced 
failures was interpreted in terms of the variation of exchange stiffness at the 
IrMn/CoFe interface and the stress-induced magnetic reversal, the “villari magnetic 
reversal” of the magnetic layers.   
 
4.1.1 Theoretical Model  
Three dimensional (3D) electrical-thermal and thermal-stress calculation models 
based on finite element method were employed to analyze the temperature gradient 
and the thermal stress gradient-induced mass transport in the CPP EBGMR SV 
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nanopillars. As shown in Fig. 4.1, the structure of EBGMR SV considered in this 
work was made assuming a generic layer stack of Si/Ta(10)/Cu(50)/Ta(10)/ 
NiFe(9)/IrMn(15)/CoFe(3)/Cu(3)/CoFe(4.5)/Ta(4.5)/Al(300 nm) .  
 
Fig. 4.1. Schematic illustration of CPP EBGMR SV read sensor (cross section view). 
 
The area of top (Al) and bottom electrode (Ta/Cu/Ta) was 1×1 µm
2
, and the size of 





with a fixed aspect ratio of 1(L):1(W).  
     To analyze the heat generation, Joule heating, caused by the applied current 
density and the temperature gradient (or the thermal stress gradient)-induced mass 
transport in the CPP EBGMR SV read sensor, the heat source was calculated based on 
the electrical conduction in three dimensions by considering Laplace equation, given 
by Eq. (4.1.1) and the Ohm‟s law expressed by Eq. (4.1.2). 
 
                          02                                 (4.1.1) 
                           J                               (4.1.2) 
 
where, Φ is the electric potential and δ is the electrical conductivity. In all cases, the 
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CPP EBGMR SV read sensor was assumed to be operated at the constant current as 
this is believed to provide the most realistic guide to electrical-thermal analysis. A 




for the CPP EBGMR SV read sensor with a cross section are of 100 (L) ×100 (W) 
nm
2
. The electrical and thermal fields are coupled in two ways: electrical conduction 
in the metallic region gives rise to Joule heating in the form of 
 
                            2)( Q                            (4.1.3) 
 
and the electrical conductivity is temperature dependent, therefore: 
 









)( 0                            (4.1.4) 
 
where 0  is the electrical conductivity at 300K and α is the temperature coefficient 
of resistivity. At the upper surface of the top electrode, the thermal convection to the 
ambient is given by, 
 
                       
cQTThA  )( 0                           (4.1.5) 
 
where, A is the surface area of the top electrode (1×1 µm
2
), h is the heat transfer 
coefficient and T0 is room temperature (300 K). Inside the SV, the heat dissipation is 
controlled by, 
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dQTk 
2                              (4.1.6) 
 
where, k is the thermal conductivity. The boundary conditions applied were: thermal 
convection of 25 W/mK applied to the upper surface of the top electrode and a fixed 
temperature of 300 K to the base of the bottom electrode (this assumes that the 
substrate acts as a perfect heat sink). All heat was lost through substrate or thermal 
convection ( )dc QQQ  . By solving Eqs. (4.1.1) ~ (4.1.6), we can obtain the 
temperature distribution in the CPP EBGMR SV read sensor using finite element 
method. Table 4.1 shows the material parameters used for the numerical calculation.  
 
The temperature profile of CPP EBGMR SV read sensor was extracted from the 
central region (0, 0, Z) of the EBGMR SV multi-layered thin films, where Z is varied 
from the bottom to the top of the device (0 ~ 39 nm). The temperature gradient in Z 
direction is defined by considering the temperature variation in infinitesimal distance, 
 






                               (4.1.7) 
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The driving force for thermomigration (TM) caused by temperature gradient is given 
by [1], 
 
                       TTNQF AT /)/( 
                          (4.1.8) 
 
where, AN  is the Avogadro‟s number, and 
Q  is called by the heat of transport and 
is the heat flow per mole that must be supplied to maintain unit molar flow in 
steady-state. For the vacancy mechanism, the general conclusion in the literature [2-4] 
is that Q  can be estimated as 
fm HHQ  
* , where   is the dimensionless factor, 
which is predicted to be near but less than 1, mH  and fH  are the migration and 
formation energy for vacancies. Based on Nernst-Einstein equation, the drift velocity 
of atoms under temperature gradient becomes, 
 





                          (4.1.9) 
 
where, k is the Boltzmann constant, and D(T) is the thermally activated diffusion 
coefficient. Hence, the atomic flux under temperature gradient can be expressed by, 
 
                   T
kT
QTDN
vNJ aTaT  2
*)(
                       (4.1.10) 
 
where, Na is the atomic concentration. The coupling effect between the thermal stress 
and the temperature gradient was considered and formulated as follows: 
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                 (4.1.11) 
 
where, σH is the hydrostatic stress, v is the Poisson ratio, and Δα is the difference of 
thermal expansion coefficient between the material of each layer and its surrounding 
materials in the CPP EBGMR SV read sensor. In addition, the hydrostatic stress was 
extracted from the central region (0, 0, Z) of the CPP EBGMR SV multi-layered thin 
films obtained from the electrical-thermal analysis followed by the thermal-stress 
analysis. The thermal stress gradient is defined by ZH  / .  
     Since vacancies are thermodynamically generated in metals, the vacancy 















                        (4.1.12) 
 
where, fE  is the single vacancy formation energy, fS  is the single-vacancy 
formation entropy.   is the stress and vV  is the vacancy volume. vC  is the ratio of 
number of vacancies to the number of atoms constituting the metals. Therefore, 
number of atoms per unit volume becomes, 
 




                             (4.1.13) 
 
where   is the atomic volume. The atomic flux due to stress gradient-induced 
migration can be expressed by, 
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                           (4.1.14) 
 
4.1.2 Temperature distribution and thermal stress profiles in CPP GMR SVs 
     The temperature distribution and the thermally-induced stress profiles of CPP 
EBGMR SV read sensor extracted from the central region of EBGMR SV 
multi-layered thin films are shown in Fig. 4.2, and Fig. 4.3, respectively (the negative 
sign indicates a compressive stress). These results were obtained using finite element 
method (FEM) simulations. The CPP EBGMR SV read sensor has a 100 × 100 nm
2
 of 
device size and the applied DC constant current density for device operation was 








 (bulk material parameters were 
used for the calculations).  
 
FIG. 4.2. Temperature distribution profile in the CPP EBGMR SV multi-layers under current densities 








(device size: 100 × 100 nm
2
).   
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As can be clearly seen in Fig. 4.2 and Fig. 4.3, the temperature and the 
thermally-induced stress in the CPP EBGMR SV read sensor were dramatically 
increased by increasing the current density. 
 




In addition, the maximum value of both temperature and thermally-induced stress (or 
hydrostatic stress) was observed at the region of Ir20Mn80 anti-ferromagnetic layer. 
The obvious increase of temperature and thermally-induced stress in the IrMn layer 
by increasing the operating current density is supposed to be due to its lower electrical 
and thermal conductivity compared to other magnetic and non-magnetic Cu layers in 
the EBGMR SV multi-layered thin films [6]. To numerically confirm the dependence 
of operating current density on the thermally-accelerated diffusion kinetics in CPP 
EBGMR SV read sensors, the temperature gradient and the thermal stress gradient 
were calculated based on Fig. 4.2 and Fig. 4.3. It was revealed that the temperature 
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gradient at the IrMn/CoFe interface was increased from 230 

C/µm to 5657 

C/µm and 
the thermal stress gradient was correspondingly increased from 3.64 GPa/µm to 92.8 









. This indicates that the sudden increase of Joule heating due to the high 
operating current density is directly responsible for inducing the temperature gradient 
as well as the thermal stress gradient resulting in producing driving force for mass 
transport (or atomic flux) in the CPP EBGMR SV read sensor. It should be noted that 
the real temperature and its gradient would be even higher because the electrical and 
thermal conductivity in thin films are generally lower than that in bulk due to the 
strong electron-boundary scattering at the interfaces [7-8].
 
The NiFe/IrMn interface 
also showed a similar or even higher temperature gradient and thermal stress gradient, 
but due to the electron flow direction in the CPP EBGMR SV read sensor, the 
diffusion process is expected dominantly toward the IrMn/CoFe interface. This 
implies that if the electron flow direction is opposite, the thermally-induced diffusion 
due to electrical stress would be made toward IrMn/NiFe interface. Moreover, it is 
expected to be more severe due to high solid solubility between the Ni (from NiFe) 
and the Mn atoms [9]. According to the numerical calculation results shown in Fig. 
4.2 and Fig. 4.3, the thermally-activated diffusion kinetics (or thermally-induced mass 
transport) of IrMn based CPP EBGMR SV read sensors under electrical stressing can 
be physically modeled by two steps: (1) The temperature gradient occurred at the 
IrMn/CoFe interface provides IrMn atoms with activation energy (or driving force) to 
jump along the electron flow direction, and (2) the IrMn atomic migration is 
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accelerated by the thermal stress gradient at the IrMn/CoFe interface that leads to 
TM-induced migration resulting in magnetic degradation of CPP EBGMR SV read 
sensors. However, due to a higher mobility as well as lower activation energy of Mn 
atoms compared to Ir atoms [10] and a higher solid solubility of Mn atoms with Co or 
Fe atoms, the thermally-activated atomic flux across the IrMn/CoFe interface would 
be dominated by Mn atoms. The thermal stress gradient, the most crucial driving 
force for TM, is supposed to be due to both the temperature gradient at the IrMn/CoFe 
interface and the difference of thermal expansion coefficient between the IrMn and 
CoFe layers. In addition, the difference in the thermal expansion coefficient between 
the Al2O3 insulating layer and the EBGMR SV nanopillar devices is also considered 
to be partially contributed to the generation of thermal stress gradient in this structure.  
 
4.1.3 Thermomigration-induced Mn atomic migration 
     In order to numerically confirm the Mn atomic inter-diffusion in the CPP IrMn 
EBGMR SV read sensors under electrical stressing, the efflux of Mn atoms through 
the IrMn/CoFe interface was calculated by using Eq. (4.1.14) at the two different 
conditions: (1) the effects of applied current density at the fixed device size (see Fig. 
4.4(a)), and (2) the effects of device size at the fixed current density (see Fig. 4.4(b)), 
on the Mn atomic flux through the IrMn/CoFe interface. For the numerical calculation, 
the thermally-activated diffusion coefficient, D(T)=D0exp(-EA/kT) where EA is the 
activation energy, and D0 is the diffusion constant, was determined by considering 
that the Mn atoms diffuse into the CoFe through grain boundaries: D0 (~ 0.98×10
-4  




/s) [11], and EA ( ~1.29 eV, half of bulk EA value) [10].  
 
FIG. 4.4. (a) The dependence of operating current density, and (b) the dependence of device size, on 
the Mn atomic flux into the pinned CoFe in the CPP EBGMR SV read sensor under electrical stressing. 
 
In addition, the vacancy formation entropy of ~ 2k estimated from the previously 
reported values in both fcc and bcc elements (in the range of 1.8k~2.5k) [12],
 
the 
vacancy formation energy of ~ 1.16 eV considered for the Mn diffusion to either Fe or 
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Co [13],
 and the vacancy volume of ~ 0.3 Ω [14] (ΩMn: ~ 8.58×10-30 m3) were 
employed to calculate the Mn atomic flux across the IrMn/CoFe interface. Figure 
4.4(a) shows the dependence of Mn atomic flux on the operating current density in the 
CPP EBGMR SV nanopillar devices with different sizes. As can be seen in Fig. 4.4(a), 
the Mn atomic flux into the CoFe was dramatically increased by increasing the 








. In addition, it was 
proportionally decreased by reducing the device size at the fixed operating current 
density. The dependence of CPP EBGMR SV nanopillar device size on the Mn atomic 
flux into the CoFe is shown in Fig. 4.4(b). It was revealed that the Mn atomic flux 
was monotonically increased by increasing the device size at the fixed operating 
current density. Particularly, it was found that this dependence becomes stronger for 
the higher operating current density. All the numerical results shown in Fig. 4.4 
clearly demonstrated that the mass transport in the IrMn based CPP EBGMR SV read 
sensors under electrical stressing is directly relevant to the Mn atomic inter-diffusion, 
which is caused by the TM due to the sudden increase of Joule heating at the 
extremely high operating current density. Furthermore, it was verified that the size of 
CPP GMR read sensor and the operating current density are the critical parameters to 
determine the amount of TM-induced Mn atomic flux. As clearly shown in Fig. 4.4, 
the critical current density for accelerating the Mn atomic inter-diffusion in the CPP 
EBGMR SV read sensor with 100 × 100 nm
2





Interestingly, the amount of Mn atomic flux was found to be dramatically decreased 
by reducing the device size.  
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    As the Mn atomic flux (or migration) due to TM was numerically confirmed as 
the primary failure mechanism for the Si/Ta(10)/Cu(50)/Ta(10)/NiFe(9)/IrMn(15) 
/CoFe(3)/Cu(3)/ CoFe(4.5)/Ta(4.5)/Al(300 nm) CPP EBGMR SV read sensors at high 
operating current density, the magnetic degradation of the device can be taken into 
account by interpreting the physical correlation between the magnetic property change 
of EBGMR SV and the Mn inter-diffusion behavior. Accordingly, by considering this 
physical assumption, three possible failure models can be suggested for the magnetic 
degradation in CPP EBGMR SV read sensors. The first one is the degradation of 
exchange bias at the IrMn/CoFe interface. Usually, the interfacial exchange energy 
formed at the ferromagnetic (FM)/anti-ferromagnetic (AFM) interface is directly 
relevant to the exchange stiffness of AFM layer [15].
 
 Thus, the decrease of Mn 
atomic concentration due to TM in the Ir20Mn80 AFM layer causes a serious 
degradation of exchange stiffness of IrMn AFM as well as interfacial exchange energy, 
resulting in the reduction the exchange bias at the IrMn/CoFe interface. Moreover, the 
Mn diffusion-induced exchange bias degradation may also affect the interlayer 
coupling of the CPP EBGMR SV read sensor resulting in partially reducing the 
magnetoresistance (MR). The second one is that the diffused Mn atoms are introduced 
as a magnetic impurity in the CoFe pinned layer or at the interface of CoFe/Cu. If the 
Mn atoms diffuse into the pinned CoFe, the magnetization of CoFe layer would be 
reduced due to the negative exchange energy of Mn atoms. This causes the change of 
interlayer coupling, especially indirect exchange coupling [16], in the CoFe/Cu/CoFe 
layers as well as the magnetic anisotropy of the CoFe layer that lead to changing the 
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magnetic and GMR properties of CPP EBGMR SV read sensors. In particular, a 
virtual bound state formed near the Fermi level of majority spins due to the negative 
magnetic moment of Mn impurities accelerates electron scattering in the majority spin 
channel leading to the decrease of spin polarization and correspondingly the 
degradation of MR [17].  
 
4.1.4 Thermally-induced mechanical stress on the magnetic reversal  
Finally, the third one is regard to the effects of thermally-induced mechanical 
stress on the magnetic reversal of pinned CoFe layer. Since the Co80Fe20 (pinned layer) 
has a positive magnetostriction (λS: ~6.6×10
-6
) [18], it can be speculated that the 
thermally-induced in-plane compressive stress (σxx, σyy) at the IrMn/CoFe interface 
gives rise to a magnetic reversal of pinned CoFe to minimize the magnetoelastic 
energy in this system.  
 
FIG. 4.5. Schematic illustration of mechanical stress-induced “Villari magnetic reversal”. 
 
This “magnetoelastic effect” or “Villari effect” [19], which characterizes the change 
of magnetization when a mechanical stress (mostly thermally-induced mechanical 
stress in this work) is applied to a magnetic layer, can be considered to change the 
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exchange bias and accordingly the MR degradation in the CPP EBGMR SV read 
sensors, because the magnetic reversal direction of CoFe due to mechanical stress is 
not parallel to the in-plane film direction, as schematically shown in Fig. 4.5. In order 
to numerically confirm this physical assumption, the magnetostrictive anisotropy field 
(or magnetoelastically-induced magnetic anisotropy field) caused by the 
thermally-induced mechanical stress at the IrMn/CoFe interface was calculated. As 
shown in Fig. 4.6(a), to determine the magnetostrictive anisotropy field of CoFe in the 
CPP EBGMR SV read sensor with 100 × 100 nm
2
 device size, the stress components 
σxx, σyy, and σzz were first calculated using finite element method. The calculated 




 were revealed as 
-149 MPa, -150 MPa, and -41 MPa, respectively. This calculation result clearly 
demonstrates that the in-plane mechanical stress component (σxx, σyy) is 
approximately 4 times larger than the perpendicular (out of film plane) stress 
component, σzz. Furthermore, from this analysis, it can be understood that 
thermally-induced compressive stress formed at the IrMn/CoFe interface exerts a 
driving force that results in the alignment of CoFe magnetization toward the 
perpendicular-to-the-film-plane direction. Based on the stress components obtained 
from the finite element analysis, the magnetostrictive anisotropy field of CoFe in the 
CPP EBGMR SV read sensor was calculated using Eq. (4.1.15).  
 
                   ssk MH /3                                (4.1.15) 
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where, ΔHk is the change in anisotropy field due to magnetostriction. λs is the 
saturation magnetostriction, and Ms is the saturation magnetization of Co80Fe20 
(~1445 emu/cm
3
) [20].  
 
FIG. 4.6. (a) The dependence of operating current density (device size: 100×100nm
2
), and (b) the 




), on the magnetostrictive 
anisotropy field generated in the pinned CoFe layer in CPP EBGMR SV read sensor under electrical 
stressing. 
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 and exponentially increased up to ~60Oe by increasing the operating current 




. Fig. 4.6(b) shows the dependence of magnetostrictive 
field of CoFe on the size of CPP EBGMR SV read sensors operated at the fixed 




. As can be seen from Fig. 4.6(b), the 
magnetostrictive anisotropy field was decreased from ~ 26Oe to ~ 14Oe by reducing 
the device size from 140 × 140 nm
2 
down to 60 × 60 nm
2
. These calculation results 
shown in Figs. 4.6(a) and (b) clearly demonstrate that the “Villari magnetic reversal” 
due to the thermally-induced mechanical stress at the IrMn/CoFe interface should be 
considered as one of the possible physical reasons for the degradation of exchange 
bias as well as the MR reduction of CPP EBGMR SV read sensor operating at high 
current density. 
     As numerically confirmed in Fig. 4.4(b) and Fig. 4.6(b), it is interestingly noted 
that the thermally-induced magnetic degradation due to Mn atomic inter-diffusion and 
the “Villari magnetic reversal” of CPP EBGMR SV read sensor under electrical 
stressing was dramatically diminished by reducing the device size. According to the 








2/s, and the “Villari magnetic reversal” 
induced magnetostrictive anisotropy field in the pinned layer CoFe drops by ~ 40 % 
(from 25.6Oe to 14.6Oe) when the device size was scaling down from 140 × 140 nm
2
 
to 60 × 60 nm
2




. This unexpected 
physical phenomenon is thought to be due to the geometrically-reduced Joule heating 
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in the CPP EBGMR SV read sensors. Figure 4.7 shows the temperature distribution 
profiles obtained from the CPP EBGMR SV read sensors with different device sizes 






FIG. 4.7. Temperature distribution profile of CPP EBGMR SV multi-layers with different device size 






As can be seen in Fig. 4.7, the temperature of CPP EBGMR SV read sensors was 
proportionally decreased by reducing the device size and the temperature gradient at 
the IrMn/CoFe interface was accordingly decreased. Particularly, this physical 
dependence was found to be more obvious when the device was scaled down below 
100 × 100 nm
2
. This indicates that the improvement of TM-induced failure for the 
smaller device size is closely relevant to the both low temperature gradient and low 
thermal stress gradient caused by the low device temperature possibly arising from the 
less amount of current required to maintain the same current density for a smaller CPP 
EBGMR read sensor, which produces less Joule heating in the top and bottom 




4.1.5 Summary  
     The physical mechanism of thermomigration (TM)-induced magnetic 
degradation occurred in the Si/Ta(10)/Cu(50)/Ta(10)/NiFe(9)/IrMn(15)/CoFe(3) 
/Cu(3)/CoFe(4.5)/Ta(4.5)/Al(300 nm) CPP EBGMR SV read sensors operating at the 




) has been studied. Based on the numerical 
calculation results, the Mn atomic inter-diffusion caused by the thermal gradient (or 
thermal stress gradient) through the Ir20Mn80/Co80Fe20 interface and the “Villari 
magnetic reversal” of the pinned CoFe magnetization originating from the 
thermally-induced mechanical stress was found to be the main physical reasons for 
the magnetic degradation of CPP EBGMR read sensors. Furthermore, the TM-induced 
magnetic degradation of CPP EBGMR SV read sensors were found to become severe 
by increasing the operating current density. However, interestingly, this undesirable 
magnetic degradation was dramatically diminished by downsizing the device size 
below 100 × 100 nm
2
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4.2 Numerical Failure Analysis for CIP and CPP GMR SV Read 
Sensors 
In the previous Section 4.1, we have reported that TM-induced magnetic 
degradation is one of the major reliability concerns in CPP GMR SV read sensors due 
to the severe Joule heating and the temperature gradient built up at the IrMn/CoFe 
interface. However, as the configuration of EBGMR SV read sensor would be 
recently changed from CIP to CPP for the ultra-high density of magnetic recording 
beyond 1 Tbit/in
2
, two major concerns directly relevant to the extremely high 
operating current density are critically raised: (1) which mass-transport mechanism 
(failure mode), either EM or TM, would be dominant for each configuration of 
EBGMR SV read sensor, and (2) which sensor configuration, either CIP or CPP, 
would be better for an ultra-high density recording read sensor in terms of electrical 
and magnetic reliability.  
    In this section, we numerically analyzed the electrical and magnetic failure 
mechanisms of CIP and CPP read sensors operating at an extremely high current 




 targeted for 1 Tbit/in
2
 of magnetic recording density. 
In order to compare and to investigate the temperature and current density distribution 
for the understanding of EM and TM-induced mass-transport mechanism and the 
corresponding magnetic failure characteristics in the both CIP and CPP EBGMR SV 
read sensors, three-dimensional (3D) thermo-electrical models based on finite element 
method
 
(FEM) were employed for the detailed quantitative analysis [21]. 
The CIP and CPP-EBGMR SV read sensors with identical magnetic shields 
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(Permalloy) and geometry but different shield-to-shield gap were considered for the 
numerical calculation, as schematically shown in Fig. 4.8(a), and (b), respectively .  
 
Fig. 4.8. Schematic illustration of (a) CIP, and (b) CPP GMR SV read sensors for the numerical 
analysis. 
 
The CIP read sensor had an 80 nm thick Al2O3 layer for the dielectric gap [22]. The 
dimension of magnetic shields was fixed at a 2 µm (W, width) × 2 µm (L, length) × 2 
µm (thickness) and the EBGMR SV consisted of Ta (2.7)/ Ni80Fe20 (3.6)/Co80Fe20 
(0.9)/Cu (2.7) /Co80Fe20 (3.6)/Ru (0.9)/Co80Fe20 (3.6) / Ir20Mn80 (14.4)/Ta (4.5 nm) 
had the same geometry of 40 nm (W) × 80 nm (L) for both CIP and CPP 
configuration. The material parameters considered in this study are summarized in 
Table 4.2. The ambient temperature during sensor operation was considered to be 
varied from 50 °C to 250 °C for the accelerated conditions and the current density for 
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All of the values shown in Table 4.2 are not bulk ones but experimentally determined 
values. The smaller values in electrical and thermal conductivity of the thin films 
compared to the bulk ones are supposed to be attributed to the electron-boundary 
scattering and altered microstructure of the thin films.  
Theoretically, according to Fuchs and Sondheimer (F-S) model, the resistivity 
increase due to surface/interface scattering is described by [7, 25]  
 



































        (4.2.1) 
 
where ρs is the thin film resistivity, ρ0 the bulk resistivity, p the specularity coefficient, 
and κ(=df/λ) is the ratio of film thickness (df) to the bulk mean free path (λ). Using 
above mentioned equation, the theoretical estimation of Cu resistivity (ρs) with 
~2.7nm in thickness under the conditions of p≈0 for polycrystalline films [26], ρ0 
~1.72×10
-8
 Ώm and λ=39nm is ~1.07×10-7 Ώm, which is close to the experimental 
measured values (~1.0×10
-7
 Ώm). Therefore, it could be justifiable to use the 
electrical resistivity of the GMR layer for our calculations.  
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4.2.1 Temperature distributions of CIP and CPP GMR SV read sensors 
     Figure 4.9 shows the temperature distribution profiles of CIP and CPP-EBGMR 
SV read sensors extracted from the central region (0, 0, Z). The sensors are 




 at 50 
o
C. As shown 
in Fig. 4.9, the maximum temperature of the read sensors was significantly reduced 
from 379.4 K to 368.4 K when the current flowing direction was changed from CIP to 
CPP configuration.  
 
FIG. 4.9. Temperature distribution profiles for both CIP and CPP EBGMR SV read sensors. The 







respectively. (Device size: 40 nm × 80 nm). 
 
The lower device temperature of CPP read sensor is thought to be due to the effective 
heat sinking path through the magnetic shield layers. It was also clearly confirmed 
that the highest temperature region in the CIP and CPP EBGMR SV read sensors is 
completely different, as shown in Fig. 4.9 and Fig. 4.10.  
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FIG. 4.10. 3D temperature contour diagrams for (a) CIP and (b) CPP EBGMR SV read sensors. The 







respectively. (Device size: 40 nm × 80 nm).   
 
For the CIP read sensor (see Fig. 4.10(a)), the highest temperature region was found 
in the central region of Cu spacer mainly due to its substantial Joule heating caused by 
the current sinking effect (see Fig. 4.11) describing that the sensor operation current 
would be concentrated on the Cu spacer due to its lowest electrical resistivity 
compared to other layers [22]. While, as shown in Fig. 4.10(b), the highest 
temperature region was found in the IrMn anti-ferromagnetic (AFM) layer for the 
CPP read sensor. The sensing current, which is uniformly flowing along the 
perpendicular to the film direction (see Fig. 4.11), induces the highest Joule heating in 
the IrMn layer due its highest electrical resistivity compared to other thin films in 
EBGMR SVs.  












FIG. 4.11. 3D vector plots of current density distributions for (a) CIP and (b) CPP EBGMR SV read 







C, respectively. (Device size: 40 nm × 80 nm).  
 
Therefore, the IrMn layer shows the highest temperature profile and the CoFe/IrMn 
interface correspondingly generates the highest temperature gradient resulting in 
sufficient driving force for the TM-induced mass-transport of the Mn inter-diffusion 
through the interface. The total flux of mass due to TM can be calculated by Eq. 
(4.2.2) [27]. 
 






*                               (4.2.2) 
 
where, Q* is the heat of transport, C the atomic concentration, D the diffusivity and k 
the Boltzmann constant. The temperature gradient, T , generated in the CIP, and 
CPP-EBGMR read sensor is defined as xT  / , and zT  / , respectively.  
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4.2.2 Mass transport mechanisms in CIP and CPP GMR SV read sensors 
A simplified numerical calculation in view of driving force was made to 
confirm which mass-transport mechanism, TM or EM, is dominant in the CIP and 
CPP read sensors operating at high current density. For the CIP read sensor, as shown 




C/cm of T  was obtained in the central region of Cu 




 at 50 
o
C. By taking the 
Cu atomic jump distance, d = 2.56×10
-8
 cm, the thermal energy change driven by TM 




           ΔωTM = 3kΔT = 3kd T                           (4.2.3) 
 
For the comparaison, the driving force for EM-induced Cu spacer diffusion under the 
same current density was also considered based on Eq. (4.2.4) [29]. 
 
                 jeZeEZF **                               (4.2.4) 
 
and thus the energy change driven by EM is given by  
 
                    jdeZEM  *                              (4.2.5) 
 
By taking the Cu effective valence (Z*) of -4 [30], a thin film resistivity (ρ) of 
~1.0×10
-7
 Ωm [22], and an actual current density (j) of ~5.6 × 108 A/cm2 (see Fig. 
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4.11(a)), the energy change driven by EM is estimated to be: ΔωEM = |Z*eρjd |= 9.18 × 
10
-23
 (Joule). The ratio of ΔωTM to ΔωEM becomes ~0.06, indicating that EM-induced 
Cu self-diffusion and inter-diffusion would be dominant for the electrical failure 
mechanism of CIP-EBGMR SV read sensor operating at high current density. In 
contrast, for the CPP-EBGMR SV read sensor, due to the different current and 
temperature distribution, a 1.14×10
7 o
C/cm of T  was obtained at the CoFe/IrMn 
interface (see Fig. 4.10(b)). By taking the Mn atomic jump distance, d~2.5×10
-8
 cm, 
the energy change driven by TM is determined to be ΔωTM = 3kd T  = 1.18×10
-23
 
(Joule). In addition, by taking the Mn effective valence (Z*) of -1 [31], and the CoFe 
thin film resistivity of (ρ) ~ 3.1×10-7 Ωm [22], the energy change driven by EM is 
determined to be: ΔωEM = |Z*eρjd | = 1.24×10
-23
 (Joule).  
 
FIG. 4.12. Temperature distribution profiles for the CPP-EBGMR SV read sensors operating under the 




These results lead the ratio of ΔωTM to ΔωEM to be ~0.95 indicating that the work 
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driven by EM in a distance of atomic jump ~2.5×10
-8
 cm is close to the thermal 
energy change driven by TM. Furthermore, as demonstrated in Fig. 4.12, the 
temperature gradient at the CoFe/IrMn interface was dramatically increased up to 
4.96×10
7 o




 that results in 
an increase of ΔωTM/ΔωEM up to ~1.4. This numerical analysis result strongly suggests 
that TM-induced Mn inter-diffusion, rather than EM is dominantly responsible for the 
electrical failure mechanism of CPP read sensor operating at high current density.  
 
4.2.3 Magnetic failure modes in CIP and CPP GMR SV read sensors 
  In order to further clarify which mass-transport mechanism (electrical failure 
mode) as well as its corresponding magnetic failure mode are dominant for CIP and 
CPP EBGMR SV read sensors and which sensor configuration is more reliable against 
EM and TM-induced failures for beyond 1 Tbit/in
2
 of recording density, the Cu and 
Mn inter-diffusion behaviors in the CIP and CPP-EBGMR SV read sensors were 





 (for 200 Gbit/in
2




 (for 1 or 2 Tbit/in
2
) [32] under 
the different ambient temperatures varied from 50 °C to 250 °C. The TM, and 
EM-induced Cu and Mn atomic flux determined by Eq. (4.2.2), and (4.2.6) [29] are 
shown in Fig. 4.13(a) and (b).  
 






*                            (4.2.6) 
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FIG. 4.13. (a) Dependence of EM-induced Cu and Mn atomic fluxes on the applied current density and 
ambient temperature in the CIP-EBGMR SV read sensors, and (b) dependence of TM-induced Mn and 
Cu atomic fluxes on the applied current density and ambient temperature in the CPP-EBGMR SV read 
sensors.   
 
The thermally-activated diffusivity, D = D0exp(-EA/kT) (D0: the diffusion constant, 
and EA: the activation energy), was determined by considering that the Mn atoms 
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/s), EA ( ~0.7 eV), and Q*Cu(~-0.173 eV) [30]; and Cu diffusion into 




/s), EA ( ~0.9 eV) [33].
 
 As can be clearly confirmed in Fig. 
4.13, EM-induced Cu diffusion, and TM-induced Mn inter-diffusion were dominant 
for CIP, and CPP-EBGMR SV read sensor, respectively in the whole range of current 
density. In addition, these failures were found to be more severely accelerated by 




 as well as ambient 
temperature. In particular, two crucial and interesting failure characteristics were 
observed in Fig. 4.13: (1) the atomic flux of TM-induced Mn inter-diffusion in the 
CPP EBGMR SV read sensor is much smaller than that of EM-induced Cu diffusion 
in the CIP EBGMR SV read sensor at the same highest current density and ambient 
temperature, and (2) the atomic flux of TM-induced Cu diffusion in the CPP EBGMR 




 and 250 °C. These failure 
characteristics strongly demonstrate that the CPP-EBGMR SV read sensor is a more 
reliable and a more suitable sensor structure for 1 Tbit/in
2
 of magnetic recording. 
Furthermore, from these viewpoints, two different magnetic failure modes due to 
different mass-transport mechanisms can be understood by considering the change of 
magnetic properties caused by the different Cu and Mn diffusion behaviors in the CIP 
and CPP-EBGMR SV read sensors. For the CIP read sensor, it can be expected that 
the nature of interlayer coupling, especially ferromagnetic Néel coupling between the 
free and the pinned layers would be severely changed due to the increase of interfacial 
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roughness between Cu spacer and CoFe layers, thus leading to a reduction of field 
sensitivity and GMR ratio, as experimentally confirmed through the observations of 
GMR degradation (see Fig. 3.19 in Chapter 3). Moreover, the total resistance would 
be increased due to the depletion of Cu atoms along with Cu inter-diffusion into the 
CoFe layers, which partially contribute to a degradation of GMR performance. On the 
other hand, for the CPP read sensor, the much larger TM-induced Mn atomic flux into 
the pinned CoFe layer than the TM-induced Cu diffusion into both free and pinned 
CoFe layers (see Fig. 4.13(b)) dominantly results in the degradation of exchange bias 
at the CoFe/IrMn interface due to the decrease in exchange stiffness caused by the 
reduction of Mn atomic concentration [15] and also due to the inter-diffusion-induced 
rougher interfacial roughness. Furthermore, when the Mn impurities diffuse into the 
pinned CoFe layer, a virtual bound state forms near the Fermi level for the majority 
spins due to the negative magnetic moment of Mn atoms. This leads to the increase of 
electron scattering in the majority spin channel that results in the reduction of spin 
polarization and correspondingly the degradation of GMR performance.  
 
4.2.4 Summary  
In summary, the electrical and magnetic failure mechanisms of CIP and 
CPP-EBGMR SV read sensors operating at an extremely high current density were 
numerically explored. It was clearly demonstrated that the two read sensors show 
completely different electrical and magnetic failure mechanisms due to the different 
mass-transport caused by the different current and temperature distributions. For the 
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CIP read sensors, EM-induced Cu spacer diffusion and correspondingly degraded 
interlayer coupling were primarily responsible for the failures; while for the CPP read 
sensors, the deterioration of exchange bias due to TM-induced Mn inter-diffusion at 
the Co80Fe20/Ir20Mn80 interface was found to be dominant. In particular, it was 
revealed that the CPP-EBGMR SV read sensor is more reliable and more suitable 
than the CIP-EBGMR SV read sensor targeted for 1 Tbit/in
2
 magnetic recording due 
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4.3 Numerical Failure Analysis for CCP-CPP GMR SV Read Sensors 
   In the previous Section 4.2, the electrical and magnetic failure mechanisms in CIP 
and CPP GMR SV read sensors were numerically analyzed. However, as previously 
reviewed in Chapter 1, the conventional metallic CPP GMR SVs has too low ΔRA 
and relatively too small GMR ratio (usually < 2 %) to be applied for the read sensors. 
The CPP GMR SV read sensor with current-confined-path (CCP), which utilizes 
well-defined conducting channels within the spacer layer, is being potentially 
considered as one of the future generation of read sensors in ultra high density of 
magnetic recording technology due to its reduced effective current flowing area and 
improved effective sensor resistance. Although we have studied the failure 
mechanisms in CIP and CPP GMR SV read sensors in the previous Sections 4.1 and 
4.2, the physical characteristics of electrical and magnetic failures of the CCP-CPP 
GMR SV read sensors operating at a high current density have still remained unclear 
up to now.  
In this section, the TM-induced failure characteristics of CCP-CPP GMR SV 
read sensors operating at the different operating current densities have been 
numerically analyzed to evaluate the electrical and magnetic stability. The density, the 
distribution pattern, and the resistivity of the metallic (Cu) nanopillar CCP were 
considered as the main physical parameters in characterizing the TM behavior in the 
CCP-CPP GMR SV read sensors. In particular, in order to further clarify which failure 
mode, electromigration (EM) or thermomigration (TM), would dominantly give rise 
to the electrical and magnetic degradation of the CCP-CPP GMR SV read sensors, a 
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simplified numerical calculation was made by considering the different energy 









.   
The CCP-CPP GMR SV read senor considered in this study has a structure of 
bottom shield (electrode)/Ni80Fe20 (9)/Ir20Mn80 (13.5)/Co80Fe20 (3.6)/Ru (0.9)/ 
Co80Fe20 (3.6)/CCP (1.8)/Co80Fe20 (0.9)/Ni80Fe20 (3.6)/Ta (4.5 nm)/top shield 
(electrode) as shown in Fig. 4.14.  
 
FIG. 4.14. Schematic illustration of current-confined-path (CCP)-CPP GMR SV: Bottom 
electrode/NiFe 9/IrMn 13.5/CoFe 3.6/Ru 0.9/CoFe 3.6/CCP 1.8/CoFe 0.9/NiFe 3.6/Ta 4.5/Top 
electrode (all in nm). 
 
The dimension of magnetic shields (Permalloy) was 2×2 µm
2
 with thickness of 2µm 
and the geometry of the CCP-CPP GMR SV read sensor encapsulated by Al2O3 was 
100×100 nm
2
. As summarized in Table 4.3, the electrical and thermal properties of 
thin films used in the finite element method (FEM) simulation were not bulk ones but 
experimentally determined values. The observed reduction in electrical and thermal 
Chapter 4      Electromigration and Thermomigration Behavior in GMR SV Read Sensors 
 162 
conductivity of thin films compared to the bulk values could be attributed to the 
electron-boundary scattering and altered microstructure of thin films [22]. 
 
The temperature profile of CCP-CPP GMR SV read sensor was extracted from the 
central region (0, 0, Z) of the GMR SV multi-layered thin films, where Z was varied 
from the bottom to the top of the device (0 ~ 41.4 nm).   
 
4.3.1 Dependence of metal path density on TM in CCP-CPP GMR SVs 
   The temperature distribution profiles (applied current: 8mA) for the different 
metal path density extracted from the central region of CCP-CPP GMR SV read 
sensors is shown in Fig. 4.15(a). The nanopillar CCP spacer was considered to be 
made of Al90Cu10 thin film and also followed by ion-beam assisted oxidation, leaving 
the Cu metal path (~5 nm in diameter, ρCu = 65 µΩ cm) [34]
 
 surrounded by Al2O3. 
As can be clearly seen in Fig. 4.15(a), the device temperature was dramatically 
increased by reducing the metal path density, especially in the CCP spacer region. In 
addition, the RA value was also significantly increased from ~0.09 Ώμm2 to ~0.16 
Ώμm2 when the metal path density was reduced from 100 % to 5 % (see Fig. 4.15(b)).  
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FIG. 4.15. (a) Temperature distribution profiles, and (b) RA product values of CCP-CPP GMR SV read 




 with different 
Cu metallic path densities. 3D images of current density (A/m
2
) and temperature distribution in the 
current confined path (CCP) region with different path densities of (c) 5 %, (d) 10 %, and (e) 20 %. 
(Sensor size: 100 nm × 100 nm).    
 
This substantial increase in device temperature and RA product was thought to be 
originated from the accelerated current density in the current confined path of the 
spacer. As demonstrated in Fig. 4.15(c)-(e), the maximum local current density inside 








 when the 
metal path density was decreased from 20 % to 5 %. The sudden increase in local 
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current density would produce substantial Joule heating inside the Cu nanopillar, thus 
giving rise to a shift of maximum temperature from IrMn layer to the Cu nanopillar 
spacer region (see Fig. 4.15(a)). In particular, the temperature gradient at the interface 
of IrMn/CoFe would become zero or even negative values, no longer exerting driving 
forces for Mn diffusion into the CoFe when the metal path density was reduced below 
~20 %. This effect could be considered as the advantage of obtaining high reliable 
CCP-CPP GMR SV read sensors against TM compared to CPP GMR SV read sensors 
in terms of Mn diffusion induced magnetic degradation [21]. However, the CCP-CPP 
GMR SV read sensors raise an obvious magnetic degradation problem resulting from 
the suddenly increased device temperature in the whole multilayer stack, especially in 
the Cu nanopillar spacer region. As can be seen in Fig. 4.15(a), the temperature and 
the temperature gradient in the Cu nanopillar spacer region was increased from 344.2 
K, 2540 
o
C/µm to 416.6 K, 8700 
o
C/µm, leading to the acceleration of Cu atomic flux 












when the metal path density 
was reduced from 20 % to 5 %. For the numerical calculation, the thermally-activated 
diffusion coefficient, D(T)=D0exp(-EA/kT) where EA is the activation energy, and D0 
is the diffusion constant, was determined by considering that the Cu atoms diffuse 




/s), EA ( ~0.9 eV) [33], and 
Q*Cu(~-0.173) [35]. All the calculation results shown in Fig. 4.15 clearly indicate that 
the metal path density in the Cu nanopillar spacer region becomes a crucial parameter 
to control the RA as well as TM-induced atomic migration behavior.   
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4.3.2 Dependence of metal path distribution on TM in CCP-CPP GMR SVs   
The distribution pattern of Cu metal paths is also found to exert significant effect 
on the Joule heating, RA product and TM-induced diffusion kinetics. Figures 
4.16(a)-(d) illustrate the temperature distributions in the central region (Fig. 4.16(a)) 
and 3D images (Fig. 4.16(b)-(d)) for the three types of metal path patterns at the fixed 
metal path density of 10 % (ρCu = 65 µΩ cm) and the stress current of 6 mA. 
Interestingly, it was found that the more uniformly distributed metal path (pattern 1 
and 2) in the CCP-CPP GMR SV read sensors showed much lower device 
temperature and RA product than the highly concentrated nanopillar CCPs (pattern 3). 
A much lower maximum current density was observed inside the uniformly 
distributed metal paths (see Fig. 4.16(d)) and also it was revealed that the high 
temperature spot becomes wide when the metal paths became concentrated (see Fig. 
4.16(b) and (c)). These results suggest that the much lower device temperature and 
RA product in the CCP-CPP GMR SV read sensors with uniformly distributed metal 
paths could be attributed to its lower local current density as well as faster heat 
dissipation when all of the heat sources (metal paths) are scattered than concentrated. 
The device temperature for the CCP-CPP GMR SV read sensors with pattern 1, and 
pattern 3 were found to be a 330.8 K, and a 442.8 K, respectively. The different metal 















), implying that more uniformly 
distributed metal paths in the CCP-CPP GMR SV read sensors shows a higher 
reliability against TM.  
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FIG. 4.16. (a) Temperature distribution profiles of CCP-CPP GMR SV read sensors electrically stressed 




 with different Cu metallic path 
distributions. 3D images of current density (A/m
2
) and temperature distribution in the current confined 
path (CCP) region with path distributions and patterns (b) pattern 1, (c) pattern 2, and (d) pattern 3.    
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4.3.3 Dependence of oxidation process on TM in CCP-CPP GMR SVs  
   Furthermore, the Cu resistivity of metal paths in the CCP region, which can be 
controlled by the oxidation process, was also revealed to be a crucial factor to control 
the RA and TM behavior. As previously reported, natural oxidation shows a higher Cu 
resistivity (ρCu = 160 µΩ cm) than the ion-beam assisted oxidation (ρCu = 65 µΩ cm) 
due to the more severe partial oxidation of Cu [34, 36].  
 
FIG. 4.17. Temperature distribution profiles of CCP-CPP GMR SV read sensors electrically stressed at 




 with different Cu metallic path resistivity.   
 
The temperature distribution profiles under the same applied current (8 mA), metal 
path density (10 %) and distribution pattern, but different Cu resistivity is shown in 
Fig. 4.17. A much lower RA of 0.98 Ώμm2 could be obtained compared to the natural 
oxidation with RA of 0.14 Ώμm2 if we can improve the ρCu down to ~1.72 µΩ cm 
(ideal case). In addition, the temperature and its gradient at the interface of Cu/CoFe 
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was significantly decreased from 385.0 K, 9983 
o
C/µm to 346.4 K, 839 
o
C/µm, 













 for natural oxidation, and ideal bulk case, respectively.   
 
4.3.4 Dependence of current density on TM in CCP-CPP GMR SVs 
Figure 4.18 shows the temperature distribution profiles of CCP-CPP GMR SV 
read sensors under different operating current densities with the same metal path 
density of 10 % (ρCu = 160 µΩ cm) and distribution pattern.  
 
FIG. 4.18. Temperature distribution profiles of CCP-CPP GMR SV read sensors electrically stressed at 









path density: 10%).   
 
The temperature gradient at the interface of Cu/CoFe(free layer) and the 
corresponding Cu atomic flux into the CoFe are summarized in Fig. 4.19. As can be 
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clearly seen in Fig. 4.18 and Fig. 4.19, the temperature gradient at the interface of 
Cu/CoFe was exponentially increased by increasing the current density as well as 
reducing the metallic path density. It was revealed that the temperature gradient at the 
Cu/CoFe interface was increased from 489 

C/µm to 18333 

C/µm and the Cu atomic 






















 at the same metallic path density (10 %).  
 
FIG. 4.19. Dependence of operating current density on the temperature gradient at the interface of 
Cu/CoFe and the Cu atomic flux into the free CoFe in CCP-CPP GMR SV read sensors with different 
metal path densities.   
 
This result indicates that the sudden increase of Joule heating due to the high 
operating current density is directly responsible for the increase of temperature 
gradient resulting in producing the driving force for mass transport (or atomic flux) in 
the CCP-CPP GMR SV read sensor.  
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4.3.5 Failure mechanisms (EM and TM) in CCP-CPP GMR SVs 
In general, the atomic migration caused by the high applied current density is 
thought to be originated from two different types of driving forces, TM or EM. It has 
been previously reported that EM-induced failures play a dominant role in causing the 
electrical and magnetic degradation of current-in-plane (CIP) SV read sensors under 
the high operating current density [37]. However, which failure mechanism, either 
EM or TM, is dominant in the CCP-CPP GMR SV read sensors depending on the 
operating current densities still remains unclear. Therefore, in order to further clarify 
the physical contribution of either TM or EM to the failures, a simplified numerical 
calculation was made by considering the different energy changes driven by TM or 
EM for comparison. By taking the atomic jump distance (dCu) of ~2.56×10
-8
 cm and 
Cu effective valence (Z*) of -4 [30], the thermal energy change (ΔωTM) driven by TM 
(see Eq. 4.2.3) and the energy change (ΔωEM) driven by EM (see Eq. 4.2.5) at the 









calculated and summarized in Table 4.4.  
 
As can be seen in Table 4.4, the ratio (η) of ΔωTM/ΔωEM was obviously increased from 








. Particularly, the ratio (η) would become >1.12 when the operating current 




, indicating that TM rather than EM would 
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become dominant driving force for the Cu inter-diffusion in the CCP-CPP GMR SV 
read sensors.      
As numerically confirmed above, it was clearly revealed that the TM-induced Cu 
atomic flux (migration) is the main physical reason for the device degradation of the 
CCP-CPP GMR SV read sensors operating at the high current density above 6  107 
A/cm
2
. Hence, From this physical viewpoint, the possible magnetic failures caused by 
the TM-induced Cu atomic migration in the CCP-CPP GMR SV read sensors can be 
speculated that: (1) the Cu inter-diffusion at the Cu nanopillar/CoFe interface would 
increase the interfacial roughness [38], which changes the nature of interlayer 
coupling between the free and pinned layer (e.g. Néel coupling), resulting in the 
reduction of the field sensitivity and the GMR performance [39], (2) the relatively 
rough interface caused by TM-induced Cu inter-diffusion would induce a spin 
indiffusive scattering at the Cu nanopillar/CoFe interface leading to a higher spin 
flipping probability, and correspondingly the degradation of MR [40], and (3) the 
TM-induced Cu atomic inter-diffusion gives rise to a reduction of pinned CoFe 
magnetic moment resulting in the reduction of exchange bias field as well as inducing 
the change of indirect interlayer coupling between two CoFe layers [41]. 
 
4.3.6 Summary  
Thermomigration (TM)-induced failure characteristics occurred in the CCP-CPP 
GMR SV read sensors with Cu nanopillar metal paths have been numerically studied. 
It was clearly confirmed that TM due to the severe temperature gradient built up 
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across the CCP region with Cu nanopillar metal paths was dominant driving force 
responsible for the electrical failures of the CCP-CPP GMR SV read sensors. 
Furthermore, TM-induced Cu inter-diffusion from Cu nanopillar metal paths to the 
adjacent magnetic layers (free or pinned CoFe) was found to be mainly responsible 
for the magnetic degradation of CCP-CPP GMR SV read sensors. However, all the 
numerical calculation results demonstrated in this study clearly suggest that these 
undesirable electrical and magnetic failures occurred in the CCP-CPP GMR SV read 
sensors can be improved by tuning the path density, the purity (electrical resistivity), 
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK 
5.1 Conclusions 
As the magnetic recording density has been incredibly increased beyond 1 
Tbit/in
2
, the geometry of giant magnetoresistance (GMR) spin-valve (SV) read 
sensors is dramatically reduced down to a few tens of nano-meters and the current 





Accordingly, electromigration (EM)-induced electrical and magnetic failures 
accelerated by the high operating current density have become one of the most critical 
reliability issues in GMR SV read sensors. The aim of this work was to study the EM 
behavior and physical mechanisms of GMR SV read sensors stressed by both 
magnetic and electric fields as well as to analyze the underlying physical reasons 
responsible for the electrical and magnetic failures of GMR SVs in different sensor 
configurations (i.e., CIP, CPP and CCP-CPP). The major contributions of this 
dissertation are summarized below: 
The physical effects of applied magnetic field including DC magnetic field and 
pulsed-DC (PDC) magnetic field on the EM-induced failure lifetimes and its 
characteristics were reported for the first time. A theoretical model describing electron 
& mass transport, joule heating, and thermal (local temperature) gradient in the spin 
valve multilayer (SV-ML) devices under both electric and magnetic fields was 
developed based on the Boltzmann transport equation. It was observed that 
EM-induced failures of SV-ML devices were severely accelerated by an externally 
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applied magnetic field. The theoretical and experimental results suggest that Hall 
effect-induced Lorentz force applied to the perpendicular-to-the-film-plane direction 
is the main physical reason for the acceleration of EM failures due to its dominant 
contribution to abruptly increasing local temperature and current density. The good 
agreement between experimental observation and theoretical works apparently 
demonstrated that the EM-induced degradation of SV-ML or GMR SV spintronics 
devices would be more serious than that of conventional electronic devices due to the 
applied magnetic fields during device operation.  
EM failure characteristics and its physical mechanisms of GMR SV read sensors 
under different magnetic fields during sensor retrieving operation have been 
experimentally investigated. It was found that a small retrieving field (50 Oe) severely 
accelerated EM-induced failures (i.e., EM failure lifetimes and magnetic degradation). 
It was also experimentally confirmed that EM-induced magnetic degradation of GMR 
SV read sensors in the CIP configuration was initiated at the Cu spacer region due to 
the “current sinking effect”, based on the observed change of interlayer coupling field. 
A theoretical model was proposed to interpret the EM failure characteristics and 
experimentally verified by measuring the MR degradation and observing EM failures 
using FE-SEM. According to the experimentally and theoretically analyzed results, 
the GMR effect, which causes the temperature rise and fall due to the change of 
resistance, was dominantly responsible for the accelerated EM-induced failures.  
Effects of media stray field on electromigration (EM) characteristics of CPP 
GMR SV read sensors have been numerically studied to explore the electrical and 
Chapter 5                                           Conclusions and Future Work 
 178 
magnetic stability of the read sensor under real operation. The mean-time-to-failure 
(MTTF) of the CPP GMR SV read sensors was found to have a strong dependence on 
the physical parameters of the recording media and recorded information status, such 
as the pulse width of media stray field, the bit length, and the head moving velocity. 
According to the numerical calculation results, it was confirmed that the shorter the 
stray field pulse width (i.e., the sharper the media transition) allows for the longer 
MTTF of the CPP GMR SV read sensors. Interestingly, it was revealed that the MTTF 
could be improved by reducing the bit length as well as increasing the head velocity. 
Furthermore, the bit distribution patterns, especially the number of consecutive „0‟ 
bits strongly affected the MTTF of GMR SV read sensors. The strong dependences of 
MTTF on the media stray field during CPP GMR SV sensor operation is thought to be 
mainly attributed to the thermal cycling (temperature rise and fall) caused by the 
resistance change due to GMR effects.  
A new failure mechanism, namely thermomigration (TM)-induced magnetic 
degradation, in CPP GMR SV read sensors was reported for the first time. The 
sensing current, which is flowing along the perpendicular to the film plane direction, 
induces the highest temperature Joule heating in the IrMn layer due to its highest 
electrical resistivity compared to other thin films in exchange biased (EB) GMR SVs. 
Therefore, the IrMn layer shows the highest temperature profile and the IrMn/CoFe 
interface correspondingly generates the highest temperature gradient resulting in 
sufficient driving force for the TM-induced mass transport of the Mn inter-diffusion 
through the interface. This TM-induced Mn inter-diffusion leads to the degradation of 
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exchange bias at the IrMn/CoFe interface due to the decrease in exchange stiffness 
caused by the reduction of Mn atomic concentration. Furthermore, the Mn impurities 
diffused into the pinned CoFe layer also give rise to the increase of electron scattering 
in the majority spin channel that results in the reduction of spin polarization and 
correspondingly the degradation of GMR performance.  
The different electrical and magnetic failure mechanisms of CIP and CPP GMR 
SV read sensors operating at high current density were numerically demonstrated 
through the comparisons of energy change driven by elelctromigration (EM) and 
thermomigration (TM). It was found that electromigration (EM)-induced Cu spacer 
diffusion and correspondingly degraded interlayer coupling were primarily 
responsible for the failures in CIP read sensors; while in CPP read sensors, the 
deterioration of exchange bias due to thermomigration (TM)-induced Mn 
inter-diffusion at the IrMn/CoFe interface was revealed to be dominant. The different 
temperature and current distribution resulting in different mass-transport mechanisms 
are the main physical reasons for the failure. In particular, it was also revealed that the 
CPP-EBGMR SV read sensor could be more reliable and more suitable than the 
CIP-EBGMR SV read sensor targeted for 1 Tbit/in
2
 magnetic recording due to its 
better heat sinking and higher electrical and thermal stability.     
TM-induced failure characteristics of current-confined-path (CCP)-CPP GMR 
SV read sensors with Cu nanopillar metal paths (~5nm in diameter) operating at the 
different operating current densities have been numerically analyzed to explore the 
electrical and magnetic stability. The density, the distribution pattern, and the 
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resistivity of the metallic (Cu) nanopillar CCP were considered as the main physical 
parameters in characterizing the TM behavior in the CCP-CPP GMR SV read sensors. 
It was clearly confirmed that TM due to the severe temperature gradient building up 
across the CCP region with Cu nanopillar metal paths was a dominant driving force 
responsible for the electrical failures of the CCP-CPP GMR SV read sensors. 
Furthermore, TM-induced Cu inter-diffusion from Cu nanopillar metal paths to the 
adjacent magnetic layers (free or pinned CoFe) was found to be mainly responsible 
for the magnetic degradation of CCP-CPP GMR SV read sensors. However, all the 
numerical calculation results demonstrated in this study clearly suggest that these 
undesirable electrical and magnetic failures, which occurred in the CCP-CPP GMR 
SV read sensors, can be improved by tuning the path density, the purity (electrical 
resistivity), and the uniformity of Cu nanopillar metal paths.  
 
5.2 Suggestions for Future Work 
   In this work, although we have studied the EM behavior in the conventional CIP 
and CPP GMR SV read sensors, the GMR SVs and GMR SV-based spintronics 
devices in advanced and innovative structures are emerging. In the following part, 
several aspects of future work are suggested.   
1) We have previously demonstrated that Mn inter-diffusion was the primary 
failure mechanisms leading to the magnetic degradation in CPP GMR SV read sensors. 
For improving the electrical and magnetic stability, a thin layer of Ru insertion, which 
acts as a diffusion barrier could be one promising approach [1]. Another possible 
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method is to deposit the Mn-based antiferromagnetic layer in one of the electrodes 
(magnetic shields) instead of inside the CPP nanopillar. In this way, the serious joule 
heating in the antiferromagnetic layer may be relieved, which leads to a decrease in 
the temperature gradient resulting in the reduction of driving forces for mass transport. 
Recently, a differential dual spin valve (DDSV) structure, which ultilizes two 
Mn-based antiferromagnetic layers in the top and bottom of the SV stacks, has been 
proposed to achieve ultrahigh downtrack resolution for the application in 10 Tb/in
2
 
and beyond [2]. In this configuration, the temperature gradient inside the SV stacks 
could be reduced due to its symmetric structure. Experimental works are needed to 
test and compare the EM (or TM) resistance in these conventional and new structures.    
2) In recent years, the spin transfer torque (STT) MRAM and magnetic racetrack 
memories have attracted much attention in spintronics and data storage [3-4]. 
STT-MRAM, which employs the STT effect to switch the magnetic moment of the 
data storage layer, is a promising candidate for future universal memory. The angular 
moment of spin-polarized current when passing through the GMR SV or MTJ will 
result in a torque on the magnetic moment of the free layer, causing the magnetic 
switching of the free layer if the current density is sufficiently high. In magnetic 
racetrack memories, based on this similar mechanism (STT), magnetic domains 
injected into the horizontal or vertical racetrack (nanowire) are utilized to store 
information. The domain walls can be shifted along the racetrack by nanosecond 
current pulses. In these two types of magnetic memories, the critical current density 
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even higher) [5-8], which is unfavorable for device application due to the Joule 
heating effect and EM. Therefore, it is of practical and academic importance to study 
the EM characteristics in these emerging memory devices.  
   3) As is also known that there exist different types of noises in GMR SV read 
sensors and GMR SV-based spintronics devices, which include random telegraph 
noise possibly due to the spontaneous magnetic moment reversal, Johnson noise 
(thermal noise or Nyquist noise) caused by thermal agitation of charge carriers, 1/f 
(flicker) noise originated from the interactions between the current carriers and the 
defects, shot noise because of the random fluctuations of the electrical current, 
mag-noise originated from thermally activated magnetization fluctuations, and spin 
torque induced noise attributed to the spin transfer torque (STT) induced 
magnetization switching. Mass transport (EM or TM) induced noise may also exist in 
GMR SV-based spintronics devices under high operating current density due to the 
resistance microfluctuations associated with atomic/vacancy flux since EM-induced 
low frequency noise has been observed in integrated circuit interconnects [9-10]. If 
mass transport-induced noise does exist, noise measurement could become a 
promising nondestructive technique to characterize EM in GMR SV read sensors and 
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